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A b s t r a c t
A b s t r a c t
This thesis describes the mechanisms by which concrete and stone deteriorate and 
some of the surface treatment types available. Test techniques which have the 
potential to assess surface treatments’ efficacy and/or presence are described. These 
techniques were then assessed, and from this, a suite of tests for use on site was put 
together. The suite comprised techniques able to measure;
❖ water absorption 
electrical resistivity
❖ moisture content
❖ surface reflectance
A number of tests were also used exclusively in the laboratory to confirm the 
presence of a surface treatment and to obtain a better understanding of the 
mechanisms of water and treatment ingress. These techniques were;
❖ scanning electron microscopy 
o pore size distribution
o total porosity
The suite of tests were then fully assessed under laboratory and site conditions on 
various substrate materials and surface treatment types. A complex inter-relationship 
between all the test techniques and surface conditions at the time of test was found to 
exist. With the use of the suite of tests it was possible to distinguish between 
untreated and treated surfaces, and to identify partly effective surface treatments.
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“Note on Love Waves in a Homogenous Crust 
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G l o s s a r y
The following abbreviations are used throughout this document.
BRE Building Research Establishment
BSI British Standards Institute
IS AT Initial Surface Absorption Test
MIP Mercury Intrusion Porosimetry
MRI Magnetic Resonance Imaging
NMR Nuclear Magnetic Resonance
PUNDIT Portable Ultrasonic Non-destructive Digital Indicating
Tester
RH Relative Humidity, given in percent
TRL Transport Research Laboratory, a section of the
Department of Transport
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C h a p te r 1. in tro d u c tio n  
"In the beginning, there was the Wort!
John 7.1
1  I n t r o d u c t i o n
The ingress of aggressive agents such as dissolved salts, gases and acids into porous 
structures is causing the structural and aesthetic decay of many of our contemporary 
structures as well as historic and culturally important buildings.
This problem has been recognised for many years, and many structures are now 
treated with protective coatings in an effort to increase the lifetime of the structure. 
Traditional coatings such as lime wash are considered inferior with respect to their 
protective qualities when compared with their modern polymer based counterparts, 
although the curators of historic buildings are highly sceptical of the modem 
alternative. The most widely accepted treatments yet developed are members of the 
silane family of polymers. Silanes, which have been in use for 30 years or so, are 
pore-liners which act in both a hydrophobic and consolidating capacity.
One of the benefits of silanes to engineers is that they are colourless. Whilst ensuring 
that very little changes aesthetically, this makes visual assessment difficult. Currently
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there are no tests specifically designed to identify the presence and/or condition of a 
surface treatment. Since many of the original treatments are now past the end of their 
effective lifetime, there is a pressing need to be able to identify a treatments’ efficacy 
to ensure the integrity of the structure.
A large number of the structures which require protection are historically or 
politically sensitive, and so on these structures there is a need to enable an 
assessment to be carried out without causing any damage. This therefore excludes 
the taking of cores or sections away for evaluation, leaving permanent marks, or 
defacing the structure in any way. On less sensitive zones, such as those experienced 
on unseen areas, it may be permissible to take small cores. The equipment which will 
be employed has to be portable, easy to use, rugged, cheap to buy and run, and 
accurate and precise enough to facilitate a reliable assessment,
Much work has been done in previous years to determine the permeability of stone 
and concrete structures, but this has mainly been directed towards the quality of the 
material itself, rather than any applied treatment. There is, therefore, a range of 
techniques available which may be adopted for use in the evaluation of a treated 
surface.
It is likely that to enable a confident evaluation of a treatment on a structure, a suite 
of techniques will need to be employed. To fully understand a material, an in-depth 
analysis is a prerequisite. This will require the use of highly sophisticated equipment 
and hence an analysis of cores. Although this is unacceptable for real structures, the 
equipment which will be used in the field needs to be calibrated, and to do this 
accurately and reliably requires the use of small samples to be taken from the 
structure. Therefore, for the purpose of assessing the techniques included in the suite, 
it is necessary to take cores. It is hoped that the final suite of techniques will be able 
to confidently determine the state of a treated surface without the need for cores.
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Aims and Scope of the work
o assess the currently available techniques to determine their appliacability and 
suitability in the determination of the presence and effiacy of a surface 
treatment. The test techniques will not be modified in any way - they will be 
assessed according to the relevant standard or as the manufactur intended.
❖ from this initial assessment, construct a suite of test techniques suitable for a 
variety of substrates in the laboratory. Examples of concrete and stone 
substrates in common use will be used in the assessment.
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C h a p t e r  2. L it e r a t u r e  r e v ie w
“The next best thing to being clever is being 
able to quote some one who is"
Mary Pettibone Poole, A Glass Eye at a Keyhole, 1938
2  L i t e r a t u r e  R e v i e w
2.1 P o r o u s  B u i l d i n g  M a t e r i a l s
Most common modem building materials such as concrete, brick and stone are 
porous to varying degrees. The choice between the type of material used depends 
upon cost, structural and aesthetic restraints.
Confusion over the terms ‘porosity’ and ‘permeability’ may arise by using the terms 
interchangeably, Concrete Society. Porosity is defined as the amount of a material 
which is occupied by voids. It is usually expressed as a percentage of the bulk 
volume. Permeability, on the other hand, is a measure of a materials’ ability to allow 
a fluid to flow through it under a pressure differential. Porosity consists of open 
and/or closed pores. Open pores contribute to the permeability of a material. The 
more the pores are open or interconnected, the greater the permeability. Figure 2.1 
below shows the difference between porosity and permeability in a schematic form.
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&C P cxr
Porous, impermeable material Porous,permeable material
High porosity, low permeability Low porosity, high permeability
Figure 2.1 The difference between porosity and permeability, after Concrete Society.
As may be seen in the above diagram, an increase in porosity does not necessarily 
correspond to an increase in permeability. The controlling factor for permeability is 
the pore structure of the material. If the material contains many small, isolated pores, 
it will be impermeable, and diffusion of a fluid through the solid is the rate 
determining step. If the material contains many interconnected pores, however, it will 
be highly permeable. The larger the proportion of large pores, the more permeable a 
material will be.
2.1.1 Concrete
In its most basic form, concrete is a mix of cement, water and aggregate, although it 
is common to use admixtures to tailor the concrete to the particular purpose it is to be 
used for.
Concrete is an inherently porous material. During the curing process the absolute 
volume of material reduces as the reaction proceeds, Troxell, Neville, and so it is 
impossible for the hardened concrete to occupy the same space required by the fresh 
paste. The decrease in the volume of concrete occurs due to the unreacted water in 
the mixture evaporating which induces the formation of voids. Furthermore, air is 
always trapped during the mixing process.
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Figure 2.2 Volumetric proportions of cement paste at different stages 
of hydration, w/c=0.475, after Neville.
The porosity of concrete is initially developed whilst the fresh paste is setting. 
Thorough curing of the concrete improves the hydration of the cement, which in turn 
decreases the size of the voids over time. The size of pores in concrete vary from 
1.5nm to 5mm or more. The size of pore depends on the way in which it was created. 
The smallest pores are known as gel pores, which exist in interstices between 
hydrated reaction products (the cement gel). They are between 1.5 and 2.0nm in 
diameter. They are created when gel water evaporates and constitutes around 28% by 
volume of the cement gel, Neville. The next pore size up are the capillary pores. 
These are created due to excess water which remains unused in the hydration of the 
cement, some of which evaporates, leaving the pores empty. Capillary pores occupy 
between 0 and 40% of the cement paste, depending upon the water/cement ratio. Any 
concrete with a water/cement ratio greater than 0.38 will have capillary pores, 
Neville. The largest size of pores are caused by air entrainment during the mixing
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process. The size may vary from less than a millimetre to greater than 5mm 
Efficient mixing and placing reduces the percentage o f these entrained pores.
The durability o f a concrete in a given climate is dependent upon many factors, such 
as alkali-aggregate reaction and differential thermal expansion. However, the most 
important parameter which determines a concretes’ durability is its permeability; it 
dictates the rate at which aggressive agents may ingress into the material. The 
permeability o f concrete decreases as the water/cement ratio decreases (Figure 2.3) 
and with time (Table 2.1), Neville.
Age
(days)
Coefficient of 
permeability, K (ms1)
0 2x 10'°
5 4 x l0 'lw
6 l x l 0' lu
8 4x10'“
13 5X10' 12
24 \x\0 'n
ultimate 6xlO’,J>
Figure 2.3 Relationship between 
permeability and water/cement ratio 
(93% hydrated).
Table 2.1 Reduction in permeability of 
cement paste (w/c=0.7) with age.
From Tables 2.1 and 2.2, it can be seen that when the water/cement ratio o f a 
concrete exceeds a certain value (approximately 0.70), it is impossible for it to have 
a low permeability. As free water/cement ratio decreases, not only is it possible to 
obtain a low permeability concrete, but the time to obtain this is reduced when 
compared with higher free water/cement ratio mixes. Complications in the prediction 
of permeabiltiy are introduced in the case o f concrete due to the presence o f the
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aggregate. Aggregate is itself permeable, and so the permeability o f concrete 
containing it will be altered.
Water/Cement 
ratio by weight
Time required
0.40 3 days
0.45 7 days
0.50 14 days
0.60 6 months
0.70 1 year
>0.70 impossible
Table 2.2 Approximate age required to produce maturity 
at which capillaries become segmented, after Neville.
The pores in concrete are interconnected and so it is permeable to water. In principle, 
it is not difficult to make a concrete which, to all intents and purposes, is waterproof, 
Orchard (a), Vries. The main requirement for this is to ensure the concrete has a 
small number o f voids, i.e. it is has as low a porosity as possible, which therefore 
means having a low water/cement ratio.
It is during the curing process, when the concrete is shrinking, that cracks may 
appear, Ackroyd, although cracks may appear at any time during a concrete’s lifetime 
for many reasons. For a given free water/cement ratio, higher cement contents 
increase the amount o f shrinkage, but lower the permeability. Shrinkage may also be 
reduced by efficient curing.
The electrical properties o f concrete are highly variable, Orchard (a). Aggregate 
type, size and distribution, the age and curing conditions (which determine the 
porosity and permeability) and moisture content (initially determined by 
water/cement ratio, but subsequently by ambient conditions) all contribute to this
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variability. Any impurities present, such as salts, may also affect the electrical 
properties.
One of the most important properties of concrete is its strength, although in certain 
circumstances, other characteristics such as permeability may be considered to be 
more important with respect to durability. The strength of a concrete is dependent 
upon many influencing factors - water/cement ratio, degree of compaction, age and 
curing conditions. Concrete is generally considered to be a brittle material, although 
a certain degree of plasticity exists, Neville.
2.1.1.1 Reinforced Concrete
The use of reinforced concrete is commonplace in the construction of modern 
buildings. When first used in the early twentieth century, steel reinforced concrete 
was hailed as the miracle material, but as the constructions made from this material 
aged and began to decay, the original enthusiasm diminished.
The concrete environment surrounding steel reinforcement is ideal for preventing 
corrosion occurring, Cady, Slater. High quality concrete, properly compacted and 
cured, provides a highly alkaline environment in which a protective passivating oxide 
film is formed on the surface of the reinforcing steel. This film prevents, or at least 
significantly reduces the rate of electrochemical corrosion. The ingress of dissolved 
salts (the most active of which appears to be chloride) and gases, notably C02 
(causing carbonation), all contribute to the destruction of the passivating 
environment which leads to disruption of the protective film. Once this has occurred, 
and provided moisture and oxygen are present, aqueous corrosion of the steel may 
take place. The formation of ferrous and ferric oxides in a confined volume creates 
expansive forces which, if in excess of the tensile strength of the concrete, cause 
cracking and may eventually lead to the disintegration of the structure.
The problem of reinforcement corrosion is universal, and much work has been done 
addressing the subject, Batis et al, Biczdk, Neville. There are many methods aimed at 
preventing corrosion, each successful to varying degrees. The methods include; 
increasing the concrete cover depth to the reinforcement, covering the concrete with
Page 9
C h a p t e r  2. L it e r a t u r e  r e v ie w
waterproof membranes, using corrosion inhibitors when mixing the concrete, or 
coating the reinforcement bars with a protective layer. This layer may be epoxy resin, 
asphalt or zinc, Cady, Knofel, Neville.
2.1.2 Brick
Bricks are manufactured from a wide range of materials, such as clay or shale, and 
commonly contain the minerals silica, alumina and kaolinite, Lenczner. Common red 
building bricks contain up to 50% kaolinite, mica and quartz, and 5 to 10% iron 
oxide, which gives the brick its colour. Bricks are a member of the ceramic family 
and as such possess the qualities of being hard and having good thermal resistance 
and chemical stability (although some are prone to sulphate attack). They are cheap 
and easy to manufacture, and the raw materials may be found in most areas. Bricks 
therefore make ideal building materials.
Bricks have a porosity of between 20 and 40%, depending on the type, Lenczner. The 
thermal conductivity is closely related to porosity, since air acts as a good thermal 
insulator. Thermal insulation is impaired greatly by the presence of water, since it is 
a better conductor of heat than air.
2.1.3 Stone
Stone may be classified into three categories;
♦ igneous
♦ sedimentary 
o metamorphic
Igneous rocks are formed by the cooling and solidification of molten magma, 
Orchard (b). The properties of a particular stone are dependent upon the depth in the 
Earth’s crust at which the rock was formed and are also dependent upon the rate of 
cooling. Typical examples of igneous rocks are granite and basalt.
Sedimentary rocks are created by the combination of disintegrated igneous rock 
particles, organic matter and chemical precipitation from solution. The strength of the 
rock is determined by the pressure exerted on it during its formation and by the type 
of cementitious material binding the grains together. Common examples of
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sedimentary rocks are limestones and sandstones. The main component of limestone 
is calcium carbonate, whilst sandstone has a higher proportion of silica.
Metamorphic rocks are formed from pre-existing igneous or sedimentary rocks after 
being subjected to heat and pressure. They are often foliated, i.e. their principle faces 
lie in parallel planes. The composition of a rock depends upon the mineral 
composition of the original rock and on changes which have occurred during 
metamorphism.
In most of England, limestone is the most common building stone, followed by 
sandstone. Both are easy to shape and are in cheap, plentiful supply. Limestone 
consists of 50% or more of carbonate of lime or magnesia, and often contains fossils 
of marine organisms. An example of this type is Portland Stone. Sandstones are 
formed from rounded grains of quartz with diameters between 0.1mm and 1 .0mm. 
The type and hardness of the stone is dependent upon the material cementing the 
grains together.
2.2 D e c a y  o f  C o n c r e t e  a n d  St o n e
Porous materials all deteriorate over time. Physical and chemical factors adversely
influence durability.
2.2.1 Physical Decay
2.2.1.1 Water Ingress
The ingress of water into a structure rarely causes structural problems per se, but it is 
liable to act as a transport medium for salts or other aggressive agents, and if the 
weather is sufficiently cold, freeze thaw may take place.
Another parameter in which water plays a role is that of creep and swelling. When 
immersed in water concrete will expand due to the absorption of water, Neville. If the 
same specimen is loaded whilst immersed in water, the degree of swelling is 
decreased, i.e. the loaded samples exhibit creep relative to the unloaded specimen.
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2.2.1.2 Freeze Thaw
The action of freeze thaw is widely considered to be a major factor in the decay of 
buildings. This is usually not the case, Price (a). Freeze thaw action may contribute 
to the last stages of decay required to cause the surface to spall, but it is rarely the 
initial cause for catastrophic failures.
The mechanism of freeze thaw is essentially similar in all porous media. The pore 
size influences the temperature at which water in the pore freezes. Freezing initiates 
in the largest cavities and slowly extends to the smaller ones. In concrete, gel pores 
are too small to permit water to freeze above -78°C, Neville. However, as 
temperature decreases, energy considerations allow the water to diffuse out of the gel 
pores and into capillary pores containing ice. Neville identified two sources of 
dilating pressure; firstly, upon freezing, water increases in volume by about 9% and 
thus excess water is expelled. This creates a hydraulic pressure, the magnitude of 
which depends on the ease with which the water can flow. The second dilating 
pressure, considered to be the more prominent in causing frost damage in concrete, is 
developed due to water diffusion creating a relatively small number of ice bodies 
which subsequently grow.
When the dilating pressure in the pores exceeds that of the tensile strength of the 
material, damage occurs. The extent of damage ranges from surface spalling to 
complete disintegration as ice is progressively formed through the thickness of the 
material.
The susceptibility of a material to freeze thaw damage is dependent upon many 
parameters, such as strength, extensibility and creep. The two most important 
properties, however, are pore size distribution and the degree of saturation. There is a 
critical saturation level below which a porous body is highly resistant to frost
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damage. If a closed container has more than 91.7% of its volume filled with water, 
the container will become filled with ice upon freezing and the container will be 
subjected to an expansive pressure. Thus 91.7% may be considered to be the critical 
saturation level in a closed container. In a porous medium, however, the critical level 
is dependent upon the size of the body, the rate of freezing and on its homogeneity, 
and so no general fixed value may be attributed to a critical saturation level, Neville. 
Typically, the critical saturation level for concrete is in the order of 85 to 90% 
saturation. Below this level, the concrete is not readily susceptible to frost attack.
2.2.) .3> Salt Crystallisation
The mechanism of decay by salt crystallisation is essentially similar to freeze thaw in 
that the creation of a solid product induces internal stresses. Salts in solution are 
absorbed by the material, but upon evaporation of the water, the salts come out of 
solution and crystallise in the pore structure at the point of evaporation. This build up 
of salts, usually at one point, creates expansive forces which, if in excess of the 
tensile strength of the material, may cause cracking. Salts may come from road de- 
icing salts, soil, sea water, or unsuitable cleaning materials, Price (a).
As with freeze thaw, the susceptibility of a material to salt crystallisation is 
dependent upon the pore size distribution. Salt crystallisation usually occurs in the 
region where the bulk of water evaporates from. Evaporation occurring at the surface, 
known as efflorescence, causes relatively little decay, although it is unsightly. If 
evaporation occurs at a definite boundary within a material, delamination of the outer 
layer may occur.
2.2. \ .4- Thermal Effects
Generally, when a material is heated, it expands, and when it is cooled, it contracts. 
Not all materials, however, expand and contract at the same rate. Concrete and stone 
are both composites of several different materials and so when warmed or cooled, 
differential thermal expansion between the components arises. If sufficient forces are 
generated during this process, microcracks will develop which may lead to spalling 
of the surface, Oilier.
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Monolithic masses are also subjected to large thermal stresses. The interior of a large 
mass remains at a relatively constant temperature in relation to the exterior, which is 
subjected to daily thermal cycles. The case of setting concrete is complicated further 
due to the heat generated from the hydration of cement. The interior experiences a 
large rise in temperature in comparison with the edges, where heat is lost to the 
atmosphere or adjacent masses. Damage caused in this way may be reduced by 
decreasing the size of the component.
2.2.2. Chemical Decay
Pollution levels have increased dramatically since the beginning of the nineteenth 
century, notably quantities of the NOx family, S02 and C02, Bridgman. Many of 
these react with porous building materials in a deleterious manner.
In the case of concrete, the presence of C02 in the atmosphere reacts, in the presence 
of moisture, with hydrated cement minerals, Neville. For example, Ca(OH)2 
carbonates to CaC03. The process of carbonation behind the surface of concrete is 
extremely slow, and is dependent upon the moisture content of the concrete and the 
relative humidity of the surrounding atmosphere. Carbonation reduces the pore size 
and permeability in the regions near the surface, although the bulk properties are 
unaffected.
Chemical attack in stones is far less vigourous than physical decay, Price (a). The 
main source of decay, however, is from weak sulphuric and carbonic acids in 
rainwater. These acids dissolve the siliceous binding agents in sandstones, which 
leads to the loss of grains, and also directly attack carbonates.
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2.23 Ultraviolet Radiation
Polymeric surface treatments are subject to decomposition by ultra violet irradiation. 
Alone, UV acts relatively slowly, but when combined with oxygen, the rate of decay 
of polymers is greatly increased, Guy. Ultra Violet (or other high energy radiation) 
causes deterioration at room temperature by the breaking of polymeric chains in a 
similar fashion to that of thermal energy.
Ultra violet radiation cannot penetrate deeply into building materials such as concrete 
and stone and so only decays the surface layers of any polymeric surface treatment, 
Vries. A  minimum treatment penetration depth is therefore required.
2.2.4 Biological Decay
It is almost impossible to have a building which is free of active biological growth. 
No matter how well maintained or how often it is cleaned, there will always be at 
least bacteriological or fungal growths present. The presence of life on a building is 
not always adverse, however, O ’Brien; the appearance of many buildings has been 
enhanced by the presence of plant life. Unwanted biological systems are, however, of 
great concern to engineers and conservationists alike.
Algae and lichens often produce acidic secretions which can dissolve rock and 
concrete, Oilier. Dead lichen also forms a base on which mosses may grow. Not only 
are bird droppings highly acidic, but they may accumulate to form a substrate on 
which plant life, such as clematis, may be supported. Vegetation litter and decaying 
vegetation in various degrees of decomposition help to trap moisture and can provide 
a suitable breeding ground for plant life.
2.3 T y p e s  o f  Su r f a c e  T r e a t m e n t
Surface treatments have been in use for many years. Traditionally these were almost 
entirely based on naturally occurring chemicals. More recently, however, modem 
synthetic materials have been developed specifically for the purpose of protecting 
porous materials.
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Although there are many modern treatments which are many times more effective 
than traditional materials, there is a belief held by many, Hassan, Koblischek, 
Wendler, that the modern polymer based applications are as yet unproved as either 
cost effective or even being of any long term benefit to the structure at all. There still 
is, therefore, strong support for the continued use of traditional materials until more 
evidence is available in defence of modern treatments.
The application of a surface treatment should, like any preventative or restorative 
procedure, only be performed when the mechanism of decay is fully understood; it is 
fruitless to remedy the symptoms without first correcting the cause. The incorrect 
choice of surface treatment may, under certain circumstances, increase the risk of 
deterioration. The use of surface treatments should therefore be used with caution.
There has been a large research effort in the last few decades to develop methods to 
preserve modern concrete and historic structures alike, and there are currently 
numerous proprietary treatments available on the market.
The treatments may be broken down into different types, depending on their 
chemical and physical nature and their effects upon the building material. Surface 
treatments may thus be divided into four classifications. These are;
♦ Coatings and sealers
♦ Pore-liners
❖ Pore blockers
❖ Rendering
Figure 2.4 below shows the way in which each of these treatments interacts with the 
substrate.
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Figure 2.4 Classes of surface treatment; a. coating/sealer, 
b. pore-liner, c. pore blocker, d. rendering, after Keer.
A description of each of the categories now follows.
2.3.1 Coatings and Sealers
Coatings and sealers form a film of finite thickness over the surface to provide a 
barrier against water or the diffusion of gases. Most of these materials are paints and 
may be pigmented. A dry thickness of 100-300pm, from two applications, sometimes 
thicker, may be obtained. Keer.
Coatings and sealers are classified according to the composition of the binding 
material, and include epoxies, acrylics, polyurethanes, bitumens and oleoresinous 
varnishes such as linseed oil. Additives may be included to act as fungicides or 
plasticisers, for example, and fillers may be incorporated to improve performance.
The final surface film may be the result of a chemical reaction, evaporation of 
solvent, reaction with atmospheric moisture or reaction with oxygen, depending on 
the binding material used.
2.3.2 Pore Liners 
Hydrophobes
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It may be argued that with concrete there is no need to apply a water repellent 
treatment since a well designed, well made concrete is almost impermeable to water, 
Orchard (a), Vries. On site, however, conditions are not perfect, and bad 
craftsmanship, inadequate mixing or curing and insufficient cover to the 
reinforcement all go towards ensuring a concrete is not as durable as it was designed 
to be. In addition, the concrete may be subjected to unforeseen circumstances in 
which aggressive agents, such as de-icing salts, may come into contact with the 
concrete. There is a need, therefore, to ensure a structure remains waterproofed.
Water is absorbed into a porous material by several methods. Large hydrostatic 
pressures, such as those experienced in concrete used for dam construction, force 
water into the pore system, and osmosis will move water from areas of low moisture 
content to one with a higher level of moisture. Vapour transport is capable of 
allowing moisture to ingress into porous building materials. This moisture may then 
condense in the pores. Another method by which water may ingress into a material is 
by capillary forces, Vries. The strength of the capillary force depends 011 the size of 
the pore, the contact angle the liquid makes with the substrate and the surface tension 
of the liquid. Small pores attract water more strongly than larger pores, whilst a 
viscous liquid is less quickly attracted than a thin liquid. In the case of 
hydrophobicity, contact angle is the most relevant factor. The contact angle of a drop 
of liquid on a solid substrate is dependent upon the interfacial surface energies, 
Brophy. A  surface is wetted (i.e. a drop of liquid will spread across a solid surface) 
when;
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Y sl  + Y la  < Y sa
(where y is the surface energy and s are the solid, L liquid and A atmosphere interfaces) 
that is, when the system energy is reduced by replacing a solid-atmosphere surface 
with that of both a solid-liquid and a liquid-atmosphere surface. A non-wetting 
surface (i.e. one on which a drop of liquid will remain a drop) occurs if;
Y sa +Y i .a  <  Y SL
A small contact angle is indicative of molecular attraction between the substrate and 
liquid, and the surface becomes wetted, Figure 2.5. If, however, there is no molecular 
attraction between the surface and liquid, the contact angle is greater than 90°, and 
the surface is no longer wetted; the surface has become water repellent.
Complete wetting Partial Wetting Non-wetting
0=0° n °< fx isn ° fh 180°
Figure 2.5 Wetting of a substrate by a liquid, after Brophy.
This phenomenon may be achieved with the application of hydrophobic polymers, 
such as silicones. Silicones form a group of related compounds, in which silanes and 
siloxanes are the most commonly used for the treatment of porous building materials. 
Silanes are small molecules containing one silicon atom, Figure 2.6; siloxanes are 
polymeric chains of the silane molecule, containing between three and five silicon 
atoms, Figure 2.7.
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Figure 2.6 Molecular structure of silane. Figure 2.7 Molecular structure of siloxane.
To demonstrate the reaction mechanism, the reaction between alkylalkoxysilane and 
concrete is outlined in Figure 2.8. Silane contains alkoxy groups, which react with 
water present in the concrete yielding a reactive silanol, Nakano. The reactive silanol 
then becomes cross linked with the hydroxyl groups on the concretes surface. The 
bond is then stabilised between the treatment and substrate, creating a highly 
hydrophobic surface. This reaction is favoured in alkaline environments, such as 
those found in concrete.
Stage 1
OR’
I
R —  Si-
Catalyst + H20
— OR’ 
I
OR'
Alkylalkoxysilane
OH
I
Si-
I
OH
OH
Reactive Silanol
Stage 2
Concrete
Stage 3
OH
I
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I
OH
OH-
OH {OH+OH = H20  + (-O-)} OH-
OH-
W  R — S i---- 0  “  I I
I  — O I
1  R — S i---- °  -  HI
Reacted state on concrete
Figure 2.8 Reaction of alkylalkoxysilane and reaction between 
the concrete and the silane, after Nakano.
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It is important to note that hydrophobic coatings on porous building materials are 
capable of repelling only bulk water at low pressures, and thus will not inhibit the 
movement of water vapour. This phenomena permits the material to ‘breathe’, 
allowing the free movement of water vapour in and out of the structure.
Once treated with a hydrophobic coating, a porous material will not only become 
water repellent, but additionally the durability is improved in other ways. Chloride 
ingress is reduced, not only due to the large reduction in its transport medium 
(water), but when hydrophobically treated, a surface becomes electrically neutral, 
whilst that of an untreated specimen is positively charged. Additionally, the 
application of a water repellent system can also retard water uptake and subsequent 
problems associated with the alkali-silica reaction in concrete, Nakano. Carbonation 
of concrete is unaffected by hydrophobic treatment, Satoh et al.
There is currently no consensus on the benefits of treating a structure with a 
hydrophobic treatment. The theoretical gains are obvious, but there are doubts as to 
whether the coatings are effective in the long term, and some have found that 
treatment actually accelerated the effects of weathering, Clarke, Koblischek. The 
mechanisms of this accelerated decay are not fully understood, but it is thought that 
evaporation of water in the structure from the internal treatment boundary leads to 
the deposition of salts behind the treatment (see Section 2.2.2.2). If this area becomes 
dryer, the salts come out of solution and crystallise, leading to expansive forces, 
which, if sufficient, may cause spalling of the surface. Blight, however, found that 
treatment with a water repellent actually led to a build up of water in the structure in 
the case of there being an internal source of moisture, which contradicts the findings 
of Darby who noted that the moisture content of a real structure decreased over a 
period of seven years. Wittman found that in some cases treatment with a 
hydrophobic surface treatment increased moisture evaporation from the test 
specimens, but in other cases caused a decrease.
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Another problem is that of solvent evaporation from the treatment material. Not only 
is this dangerous for the workers applying the treatment, but also has a chromatic 
effect, tending to draw the polymer in solution to the surface. This decreases the 
effective penetration depth of the treatment. One solution to the problem is to 
decrease the amount of solvent, but this increases the viscosity of the treatment, thus 
again decreasing its penetration depth. A compromise must, therefore, be found.
Consolidants
Many pore lining materials are marketed as consolidants, with the added quality of 
being hydrophobic. Concrete surfaces become friable over a period of time, from 
weathering effects such as freeze thaw and salt crystallisation. The application of a 
consolidant strengthens the surface to inhibit further decay.
In addition to the effects of water ingress, natural stone also suffers from the loss of 
binding agent (usually siliceous) due to dissolution in weak acids formed from C 02 
and S02 in the atmosphere. This leads to the surface becoming friable. Consolidants 
act to replace this lost binder.
Many consolidating surface treatments are based on silicic acid ester compounds. 
When applied to a porous material, the treatment follows a hydrolysis reaction with 
moisture present in the material, Koblischek;
Si(OC2H5)4 + H20  Si02 + 4C2H5OH
This reaction needs to take place at a relatively slow rate to allow a deep penetration. 
If penetration is insufficiently deep, a thin crust of silica may be developed on the 
surface of the material. Since the pores remain unfilled by the hydrolysis reaction, 
water vapour transport and porosity are unaffected by treatment with consolidant 
based on silicic acid ester compounds.
Most hydrophobic treatments exhibit a certain degree of consolidation, and 
consolidating treatments exhibit a degree of hydrophobicity, EC Report.
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2.3.3 Pore Blockers
Pore blockers are designed to penetrate the open pores of a material and block them, 
thus preventing the passage of water and gases. A number of pore blockers work on 
the principle of the reaction product from the interaction of the treatment and 
compounds in the substrate blocking the pores, and others rely on the penetrant 
hardening in the pores. Liquid silicates (commonly sodium) and silicofluorides are 
examples of the former, whilst epoxy and acrylic resins belong to the latter group, 
Keer.
Pore blockers have been used for the prevention of the dusting of concrete floors and 
to improve the abrasion resistance of concrete roads. In recent years liquid silicates 
and cementitious slurries have been successfully used in the repair and protection of 
concrete suffering from reinforcement corrosion.
2.3.4 Renderings
Renderings are thick, dense cementitious coatings applied by spraying or trowelling, 
providing added protection against the deleterious effects of weathering. They are 
usually employed to improve the aesthetics of a structure.
2.4 T r e a t m e n t  A p p l i c a t i o n
The efficacy of all treatments, both in the short term and the long term, is highly 
dependent upon the condition of the substrate during the application of the treatment, 
Keer. Ideal substrate conditions depend upon the treatment material. For example, 
coatings and sealers require the surface to be as dry as possible, but silane treatments 
need to be applied to surfaces which have a certain amount of moisture in them - the 
hydrolysis reaction will not proceed if the substrate is insufficiently damp. The 
surface must be prepared to ensure that there are no cracks or fissures present, that 
there is no biological growth, and that any spalling or loose areas of material are 
removed and/or repaired. The surface must not be allowed to become excessively wet 
prior to treatment.
Page 23
C h a p t e r  2. L it e r a t u r e  r e v ie w
Treatment penetration depth varies with application method. Applying a treatment by 
painting usually gives a small penetration depth as it is difficult to apply large 
quantities in one application. Soaking the member usually gives high penetration 
depths; up to 60mm in some cases, EC Report. Application using the spray technique 
will give a penetration depth of up to 3mm, according to TRL.
The service life of a treatment is dependent upon the material and the severity of the 
weathering to which it is exposed. Various authors claim different longe vities. For 
example, hydrophobic treatments have been found to last from a couple of years, 
Hassan, to 25 years, Sandin, or even 30 years, Sauder.
2.4.1 Painting
The painting on of a preserving treatment is usually only reserved for small areas. 
The technique is time consuming and, due to human error, patches may be unequally 
treated, or even missed entirely. Painting is infrequently used as an application 
method.
2.4.2 Spraying
Spray application of treatments is currently favoured by the Department of Transport 
in the UK as it gives a more even coating than painting. The standards BD 43/90 and 
BA 33/90 describe the recommended methodology. They advise the use of 
monomeric trialkyl alkoxy silane with a minimum active content of 95%. The 
surface should have two coverings of 300ml/m , separated by at least six hours.
2.4.3 Soaking
Soaking is usually only employed before a member is installed, or if the structure can 
be removed from its original location, as it is impractical to soak a structure in situ, 
although it is possible if deemed necessary.
2.4.4 Vacuum Impregnation
One of the more novel methods of applying a treatment to structures such as statues 
has been used successfully by MacDonald. The technique of vacuum flushing is
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generally regarded as providing a better quality of coating than from more 
conventional methods due to the fact that the problem of solvent evaporation is 
almost entirely eradicated, allowing greater depths of penetration to be achieved as 
there is 110 solvent chromatic effect (see Section 2.3.2).
The system assessed by MacDonald, the Balvac vacuum flush technique, involves 
shrouding the member to be treated in an impermeable sheet and applying a vacuum, 
thus extracting air from the pores in the structure. The treatment is then introduced 
into the evacuated area and, due to atmospheric pressure, is forced into the pore 
structure of the material.
2.5 Methods to Assess Treatment Efficacy
Once a pore-lining surface treatment has been applied to a structure, it is very 
difficult to visually identify its presence. This is in fact one of its design criteria, as it 
would be unacceptable for a public stone statue to be rendered blue, for example, by 
such a treatment! There is a pressing need, therefore, to be able to identify not only 
the presence of a treatment, but also its efficacy.
2.5.1 Water Absorption
The ingress of-water into a structure plays a major role in the degradation of a 
structure, Price (a), and is therefore of considerable interest. The penetration of water 
into a porous material has been thoroughly researched, Kelham, Hall, and has been 
found to be dependent upon the permeability and porosity of the material, which in 
turn govern the strength of capillary forces. When an effective surface treatment is 
applied, the water absorption is dramatically reduced. Thus, the measurement of 
absorption may be used to detect the presence of a treatment. Many researchers, 
Kelham, Dhir et al, have developed techniques for measuring water absorption, and 
there are currently several standard methods to determine the water absorption of a 
material.
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2.5.1.1 Initial Surface Absorption Test
The Initial Surface Absorption Test, or ISAT, is described in the British Standard BS 
1881 . Part 5. The test has been used for many years in the construction industry and
may be used on both horizontal and vertical surfaces. A cap of surface area of
2 •5000mm" is attached to the surface and a head of water of 200mm is applied. 
Measurements of the rate of absorption are taken at 10, 30 and 60 minutes in units of
ml/m2/s.
2.5.1.2 Karsten Tube
The Karsten Tube is a standard water absorption test outlined in RILEM 25-PEM. A 
graduated transparent tube (see Figure 2.10), which is attached to the surface under 
test with clay or putty, is filled to a known level with water. The initial head of water 
is 98mm, but this decreases during the test. The volume of water absorbed is 
measured at 1, 5, 10, 15, 30 and 60 minutes, depending on the porosity of the 
material. The results are shown graphically as water absorbed (in millilitres) versus 
time (in minutes).
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Figure 2.10 The Karsten Tube water absorption test, after RILEM25-PEM.
2.5.1.3 Figg Water Test
This test was devised by Figg to determine water absorption in situ. It involves the 
drilling of a core, perpendicular to the surface, 30mm deep by 5.5mm diameter. 
Liquid silicone rubber is then injected into the outer 20mm of the hole which, when 
hardened, forms a cast-in rubber bung. A hypodermic needle is pushed through the 
bimg, to which the test apparatus is attached. A hydrostatic head of 100mm is applied 
using the equipment shown in Figure 2.11. The time for the meniscus to travel 50mm 
along the capillary is taken as a measure of the water permeability of the material.
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2.5.1.4 Autoclam Permeability System
The Autoclam was invented by Basheer at the Queens University of Belfast. It was 
originally conceived to make measurements on concrete surfaces, but will work just as 
effectively on any porous material. The Autoclam measures air permeability, water 
penneability and also water sorptivity, which have been related to the durability of the 
material.
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Figure 2.13 A section through the Autoclam body.
The basic features of the device are shown in Figure 2.13. During a test the base ring of 
the Autoclam isolates an area of the surface 50mm in diameter, to which it is glued by 
an adhesive sealant. After the Autoclam body has been affixed to the base ring, it is 
ready for use. Conceived as a laboratory and site test method, the Autoclam is a 
portable device, and has a controller unit capable of storing the data of up to 20 tests. 
Each test takes 15 minutes to run once the base ring has been fixed in position.
Both Montgomery et al and Basheer et al have shown that the Autoclam to be effective 
in the site assessment of the efficacy of treated porous surfaces. Problems of removing
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the sealant used to bond the base ring to the substrate can cause the surface to become 
damaged.
2.5.2 Moisture Content
The ability of a material to absorb bulk water will depend on the degree of saturation of 
the substrate and on the efficacy of any treatment present. Water resident in a structure 
leads to loss of durability. The moisture content of a structure is therefore an important 
factor in the determination of its susceptibility to water ingress.
2.5.2.1 Dielectric Constant
It is possible to gain information on the moisture content of a material by measuring a 
parameter of free water in solids directly, that is, the dielectric constant. The dielectric 
constant of water is far higher than that of most other materials used in the construction 
industry (in a similar way to which the ferrous materials have a far higher magnetic 
effect than most other materials). At 20°C, the dielectric constant of water equals 80.37, 
CaC03 = 6.14 and Si02 = 4.27, Jaclanan.
The accuracy is affected by interfacial polarisation effects, and by the presence of other 
materials, such as dissolved salts. Accuracies of up to ±0.25% may be achieved using 
frequencies of between 600kHz and 6mhz when measuring moisture in the range of 0 
to 12%.
2.5.2.2 Electrical Capacitance
It is also possible to measure moisture content by electrical capacitance. This method 
incorporates the substrate into the electrical measurement circuit in a similar fashion as 
the dielectric medium in a capacitor, Jaclanan. A  loss component is thus introduced 
which complicates measurement, although modern electrical capacitance moisture 
meters have an integral microchip to automatically compensate for these errors. 
Electrical capacitance measures the moisture content between the ends of two probes, 
so may assess the internal moisture of a specimen at a specific depth. Moisture meters 
based on dielectric measurements will only determine the moisture content within a
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zone near the surface whereas the electrical capacitance based methods may be used to 
assess the internal moisture depth profile.
2.5.3 Electrical Resistivity
Dry concrete and natural stones are electrical insulators. Water acts as an electrolyte, 
and the addition of certain impurities, such as salts, increase its ability to conduct 
electricity. The solid phase of porous materials have high resistivities, but when fully 
saturated with water, become much more electrically conductive. Concrete, for 
example has a resisitivity of >106 Qcm when dry, according to Andrade et al, 
compared with values in the region of hundreds of Dem when saturated. The actual 
values, however, are highly dependent upon factors such as the porosity, the salt 
content and, with concrete, the aggregate type. If a direct current is applied to a 
material, any mobile ions will tend to polarise the substrate. This causes the 
accumulation of gases such as oxygen and hydrogen, Jackman. Application of DC 
leads to bulk ion movements, which are rate determining, and so the resistivity 
changes with time. To reduce such polarisation effects, an alternating current is 
commonly applied.
Electrical resistivity measurements are commonly used in the determination of 
moisture content, Gatz, Wilkosz, but may also be used in the determination of other 
parameters, such as mass transport, Andrade et al, strength, McCarter et al, and 
porosity, Rengaswamy et al.
2.5.3.1 Wet Method
A constant AC voltage is applied to the contact surface through an electrode and an 
electrolyte. If a surface has been treated with a water repelling agent, when the 
electrode is placed upon it, none of the electrolyte is absorbed by the substrate, the 
circuit remains open and zero voltage flows between the two electrodes. If, however, 
the surface has not been treated, or a treatment is no longer effective, then electrolyte 
will be absorbed and the electrical circuit will be closed and voltage will flow. The 
size of the measured value (in arbitrary units) is dependent upon the cross sectional 
area of the connecting electrolyte, and therefore depends solely on the number of
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ineffective areas in the hydrophobic treatment in the area under test and on time. It 
follows that the profile of the resulting measured value-time plot is synonymous with 
the condition of any treatment present.
The initial value on the vertical axis is indicative of the degree of saturation of the 
surface. A high initial value betrays a high internal moisture content, Gatz, Wilkosz, 
which is indicative of a poor hydrophobicity, infiltration of water or accumulation of 
salts, or other such electrical conductors, behind the treated surface.
2.5.3.2 Linear Electrode Array
To further reduce polarisation effects, a linear four probe array (a Wenner probe), 
such as that described in BS 1881: Part 201, may be utilised, Jackman. An AC 
current is applied to the outer two electrodes, and the potential drop is measured 
between the two inner electrodes. According to Jackman, surface effects are best 
avoided by ensuring the depth of electrode penetration into the material is between 3 
and 5 times the electrode separation. Others have suggested electrode penetration 
depths of 25mm (with electrode spacing of 50mm), Zejme, and 6mm, Vassie, who 
claims that this allows better measurement of the potential between the two inner 
electrodes.
2.5.3.3 SHRP Method
An electrical resistivity method, based on the ASTM D3633 standard, was developed 
by a US research body (the Strategic Highways Research Programme). This 
technique, outlined in a SHRP report, uses silver-based spray-on electrodes. The 
electrodes are 6mm wide and 100mm long, arranged in a pair 3mm apart. Three 
coatings are applied, dried between each layer with a blow dryer. The standard 
measuring equipment used in the ASTM standard is then used to measure the 
resistance between the two electrodes. The authors of the SHRP report found they 
could identify the presence of a surface treatment using this method.
2.5.4 Surface Reflectance
Surface reflectometers are commonly used in the paint and coating industries to 
evaluate the quality of the applied coating, BS 3900, BS 6161. Since the application of
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silane may modify the original character of porous materials to which they have been 
applied, it is possible to use surface reflectance as a measure of the quality of treatment.
Reflectometers measure die amount of light reflected by a test surface from a calibrated 
light source. Specular (or gloss) reflectometers measure the amount of light reflected 
directly from the surface being examined, whereas luminous reflectometers determine 
the degree of illumination of the surface by incident light.
The optical geometry of reflectometers varies, but the more common geometries 
position the light source at 45° or 60° to the surface, with the detector normal to the 
surface. A typical 45°/0° set up is shown schematically in Figure 2.12 below.
0
1
Figure 2.12 Surface reflectance set up for a 45/0° test geometry.
2.5.5 Mercury Intrusion Porosimetry
Mercury Intrusion Porosimetry, MIP, is a commonly used technique for establishing 
the pore size distribution of porous materials, although it is possible to use other 
methods, Uchikawa et al. MIP is based on the fact that mercury is inert and acts as a 
non-wetting liquid with respect to most materials, Metz, and can thus only penetrate 
the pores of a material with the application of pressure. The smaller the pore, the 
larger the pressure required to force the mercury into it. The pressure may be related 
to the equivalent pore size using a form of the Washburn equation;
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Where d  is the equivalent diameter of the pores, y  is the surface tension of the 
mercury, 0 is the contact angle between the mercury and pore walls, and p  is the 
applied pressure. Most porosimeters measure within the pore diameter range of 0.003 
to 360pm. It is the measurement of this intruded volume of mercury which is plotted 
against the pore size, usually represented in the form of a distribution curve.
The intrusion volume versus pore size curve serves to provide important 
characteristics, Cook. The total intrusion volume gives an indication of the total 
porosity of the sample. The region of the curve with the steepest slope, known as the 
threshold or critical pore size, is indicative of the pore size through which the bulk of 
the mercury penetrates.
Several assumptions and corrections need to be made before a correct analysis of the 
curves may be made. Volume considerations, such as the expansion of the machine, 
the compression of the mercury and the compression of the unintruded specimen all 
need to be taken into account, Cook. Other potential sources of error include the 
physical form of the samples, Hearn, the contact angle, surface tension and purity of 
the mercury, Winslow, and, according to Metz, the heat created by the compression of 
the sample.
2.5.6 Magnetic Resonance Imaging
Magnetic resonance imaging, or MRI, also known as nuclear magnetic resonance 
(NMR), is a well established non-destructive, non-invasive method capable of 
visualising the distribution and dynamics of water and other mobile systems in porous 
media. The technique works by placing a sample in a strong magnetic field. Water 
molecules, for example, are effectively dipoles and the magnetic field orientates the 
molecules in the direction of the field. When the field is removed, the molecules are 
unstable and tend to return to their original orientation, emitting energy with a
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frequency particular to the molecule. A detector is timed to the resonant frequency of 
the molecule and this picks up the emitted signal.
Conventional methods are only applicable to liquids with narrow spectral line widths 
equivalent to long spin-spin relaxation times. In order to visualise liquids in confined 
geometries where the lack of motion, magnetic susceptibility, heterogeneities and 
paramagnetic impurities all broaden the line width, it is necessary to use more 
specialised broad line methods. One such technique is the repetitive pulse gradient echo 
method, Benson et al. This uses large amplitude sinusoidally driven gradients with low 
flip angle pulses applied at the gradient zero crossings. The technique has been used 
successfully for imaging the migration of water into cementitious and stone building 
materials, Bohris et al, Mulheron et al. One of the most powerful aspects of MRI is that 
it is possible to perform time-series experiments, since the technique is non-destructive.
Although it is possible to use MRI in the field, Nicholls, it is inliibitively expensive and 
impractical. The technique is, to all extents and purposes, currently confined to the 
laboratory.
2.5.7 FT-IR Spectroscopy
Infra-red spectroscopy is a powerful technique which may be used to chemically 
analyse substances through the use of infra-red radiation. The principle is based on 
the fact that when electromagnetic energy is directed onto a material, some is 
absorbed, and some is reflected. Different wavelengths of energy are absorbed by 
different chemical groups, or, more specifically, by atomic bonds between two 
atoms. By irradiating a sample with energy of a known wavelength, and detecting the 
reflected energy, it is possible to determine the absorbed frequencies and hence the 
chemical nature of the sample.
All FT-IR spectrometers operate with the use of a Michelson interferometer. This 
works by splitting a beam of radiation into two. Two mirrors are employed, one 
stationary and one oscillating, to reflect back the beams of radiation. As the 
oscillating mirror moves through its path, the radiation is reflected back at a varying
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phase difference with respect to the stationary mirror. Thus interference is 
experienced between the two beams. Since the radiation from an infra-red source 
consists of many wavelengths, a complex output wave, called an interferogram, is 
produced.
This modulated infra-red radiation may now be used to analyse a sample. After the 
IR energy has reflected from the sample, it is focused onto a detector which 
produces a voltage in proportion to the intensity of the energy hitting it. The resulting 
spectra means little on its own, and so, to detect which frequencies have been 
absorbed by the substance, a mathematical formula known as a Fourier Transform 
must be applied.
Complex waves may be considered as a sequence of superimposed sine waves. A 
Fourier Transform is a highly complex mathematical formula which can reconstruct 
the individual waves from a complex waveform.
FT-IR spectroscopy has been used in the laboratory to identify the presence of 
hydrophobic treatments on concrete, and to identify the penetration depth of the surface 
treatment, Gerdes a), b). There is also evidence that this method is not always 
successful in detecting the presence of treatment materials because of die very small 
quantities in which they occur. Due to the nature of the test equipment, it is currently 
impractical to use on site. It also involves obtaining samples destructively from the 
structure.
2.5.8 Scanning Electron Microscopy
Scanning electron microscopy, or SEM, is a standard tool utilised in the visualisation 
of materials. A new method, known as the variable vacuum technique, is a recent 
development in scanning electron microscopy. In contrast with conventional SEMs, 
the variable vacuum SEM does not require the use of a high vacuum, but may work 
effectively at a low vacuum, typically between 13 and 270Pa. The use of low vacuum 
allows the examination of ‘wet’ samples (i.e. those which contain a high degree of
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moisture), reduces specimen charging and eliminates the need for sample 
preparation.
At low pressure, the few molecules in the air collide with electrons from the beam, 
producing positive ions. These positive ions may then dissipate the build up of 
negative charge 011 the specimen surface. This means that samples do not need to be 
coated with a conductive layer. In addition to this, the presence of an atmosphere 
dramatically slows down the rate of dehydration.
The low vacuum required to analyse samples is beneficial in the investigation of 
outgassing materials, such as concrete, since it is a great deal easier to obtain the 
necessary level of vacuum.
SEM has been successfully used in the identification of the presence of treatments 
applied to porous building materials, Charola, EC Report.
2.5.9 Ultrasonic Pulse Velocity
Ultrasonic-pulse velocity measurements provide a quick and simple method of 
assessing the elastic properties of bulk materials. The velocity of an ultrasonic pulse 
through an elastic medium depends on many factors, including transmitter-transducer 
arrangement, Poisson's ratio, path length, moisture content, concrete reinforcement, and 
cracks in the medium.
Pulse velocity measurements, in accordance with BS 1881: Part 203 and ASTM C597- 
83, are commonly used in the construction industiy to evaluate the strength and 
homogeneity of concrete structures, but can also be used in the determination of 
strength in other porous media, such as stone.
Ultrasonic testing is not affected by surface orientation and can easily be used on site. 
The equipment is reasonably inexpensive and has been proved to be an invaluable aid 
in structural service. The requirement for the application of a transmission medium
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(usually a high viscosity grease) poses a slight problem in that the medium is difficult 
to remove from porous materials without staining.
2.5.10 Schmidt Hammer
The Schmidt hammer is a method which was developed to assess the strength of 
concrete in situ, although it may be used on most building materials, CIRIA. The 
hammer forces a mass inside a steel tube towards the surface under test with a 
prescribed force. The distance the mass rebounds is measured, and the resulting 
'rebound number’ is compared with a calibrated curve to give the equivalent 
strength. Although no theoretical relationships exist between rebound number and 
strength, it is possible to establish an empirical relationship between the two.
Results from the Schmidt hammer are affected by member characteristics such as 
surface type, moisture condition, and stress state. In concrete, cement type and 
content, and aggregate type and size also affect the results.
The Schmidt hammer complies with BS 4408: Part 4 and may be used to determine the 
strength of most building materials, including that of stone. The Schmidt Hammer is 
relatively cheap and is easily used on site, both on vertical and horizontal surfaces. Its 
applicability for assessing the condition of treated stone faces has not been frilly 
evaluated.
2.5.11 Schmidt Pendulum
The Schmidt Pendulum operates on the same principle as the Schmidt Hammer, but 
instead of using a mass inside a tube, a spherical mass on the end of a pivoting arm is 
employed to dispense the force. After coming into contact with the surface under test, 
the pendulum arm rebounds. From a scale on the apparatus the ‘rebound number’ 
may be read. Whilst no literature concerning the use of the Schmidt Pendulum could 
be found, it is likely that similar parameters affect the Schmidt pendulum as those 
which affect the Schmidt hammer, i.e. surface type, moisture condition, stress state.
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2.5.12 Gas Permeability
The rate of gaseous diffusion through a porous material is often related to the 
susceptibility of a material to the ingress of aggressive agents, which in to n  leads to a 
decrease in the materials’ durability. Flow through a porous material is described in 
Grube’s paper with a modified version of D’Arcy’s Law;
_ DAAP 
rjL
Where V is the rate of gas flow, D is the permeability, A the cross sectional area of the 
sample, AP is the fluid pressure head across the sample, 77 is the viscosity of the fluid 
and L is the length of the sample.
Various reports of gas permeability measurements appear in the literature, Martialay, 
Lawrence, but most are dedicated to laboratory testing and involve the use of 
specimens cored from the structure. The use of these permeameters for site 
investigation of historic structures would involve extensive modifications. Modified 
versions of Figgs ’ air permeability equipment have been developed for site application, 
Gather, CIRIA. However, both involve the drilling of holes into the surface of the test 
structure. Whilst this may be permissible in concrete structures, it is unlikely to be 
suitable for application on stone buildings or monuments.
2.5.13 Contact Angle
The application of treatments to porous building materials means that the coated 
surfaces become hydrophobic. This in turn leads to a large reduction in the 
wettability and hence contact angle between the surface and any water present. This 
change in contact angle between untreated and treated surfaces may be used to 
directly characterise the presence of the surface treatment, Hassan, Honsinger, EC 
Report.
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2.5.14 Porosity
The porosity of a solid material has an important influence on the strength, 
permeability and long term durability. Various methods exist for the determination of 
total porosity.
2.5.14.1 Vacuum Method
The principle involves evacuating air from a specimen and filling the pores with water. 
The saturated specimen is weighed in air and in water, dried to constant weight and 
weighed in air once more. The total porosity of the specimen is then calculated using 
the following equation;
M, -  M, „__ _porosity = — ------   x 100%
M3 -  M 2
Where Mj is the mass of dried sample, weighed in air, M2 is the mass of sample 
saturated with water, weighed in water and M3 the mass of sample saturated with water, 
weighed in air. The result is expressed as a percentage of the bulk volume.
2.5.14.2 Helium Pycnometry
Helium pycnometry is based on the intrusion of helium gas into the pores of a solid 
specimen. The volume of gas intruded into the sample is measured and used in an 
equation to determine the volume of the specimen. The sample is weighed and, with 
the volume, is used to determine the density. The dry density is also calculated. Using 
the two calculated densities, it is possible to calculate the porosity of the specimen, 
Cabrera.
to
Previous work has shown that porosity is relatedAseveral parameters, such as chloride 
diffusion, Cabrera. Both methods are fairly accurate and reproducible. Both are 
suitable for laboratory application only.
Page 40
Chapter 3. Materials
"What I tell you three times is tri/6
Lewis Carrol, The Hunting of the Snark.
3  M a t e r i a l s
To establish whether the techniques described in Section 2.5 could identify 
differences between zones which had been treated and those left untreated, a number 
of porous building materials were used in the laboratory assessment o f the test 
methods. The materials used included a number o f concrete mixes, typical o f those 
commonly found in contemporary use, and a number o f natural stones which are 
representative o f those frequently used throughout Europe.
3.1 Concrete
A number o f concrete mixes were used in the assessment o f the tests methods 
described in Chapter Four. These mixes had the proportions shown in Table 3.1.
Mix Free
water/cement
ratio
■ '
cement
Contents in k
5mm agg.
.
g/m
/  Omm agg.
1 0.40 347 780 998
2 0.54 340 765 1060
3 0.43 618 1392 0
Table 3.1 Concrete mixes used in the initial assessment of test methods.
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Three different mixes were cast for the evaluation o f the treatments (Chapter 5), 
representing a cross section o f concretes commonly used in the construction 
industry. The mixes were made with water/cement ratios o f 0.24, 0.50, and 0.65. 
Plastic sheeting was used to line the mould in order to prevent contamination from 
mould oil. The following table outlines the quantities o f material used.
Mix Free Contents in kg/m"
water/cement cement 10mm 5mm added
ratio <*gg m
A 0.24 400 942 839 145
B 0.50 350 939 837 224
C 0.65 275 976 870 229
Table 3.2 Composition of concrete mixes used in the evaluation of the surface treatments.
The cement used in all the concrete mixes was OPC, supplied by Blue Circle 
Cement. Aggregate was sourced from the Thames Valley. SP5 superplasticiser was 
added to the low w/c ratio mix to obtain similar fresh properties to Mixes B and C. 
The superplasticiser was manufactured by Cormix, a division o f WR Grace Limited.
The concrete had the following properties;
Mix Slump Compaction 28 day strength
...........
(mm) Factor (N/mm2)
A 40 0.90 81.2
B 50 0.95 44.9
C 60 0.94 30.7
Table 3.3 Properties of the concrete used in the evaluation of the surface treatments.
Both 100 mm cubes and 400x400x100 mm slabs o f Mixes A, B and C were cast. The 
cubes were used in the destructive tests, the slabs in the assessment o f the non­
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destructive test methods. Mixes 1, 2 and 3 were cast into 100m cubes only.
3.2 Concrete Curing
All concrete mixes were cured under the same conditions. After casting, the concrete 
was left in a curing room which had 100% relative humidity and a temperature o f  
20±2°C for 24 hours before being demoulded. After demoulding, the samples were 
replaced back into the curing room until 28 days old. At 28 days all specimens were 
then moved into a conditioning room which had a constant atmosphere o f 50±10% 
relative humidity and 25±5°C.
Mixes A, B and C were allowed to remain in the conditioning room for a fortnight 
before being treated. The specimens were then replaced in the conditioning room and 
then remained there until being tested.
3.3 Stone
Three types o f stone were used, Ebenheider red sandstone, Ruthener green sandstone 
and Krensheimer limestone. The stones were selected to represent the wide range of 
stones used in the construction industry. These stones were supplied in prisms o f  
dimensions 50x50x100 mm, and were coated along their length with epoxy resin. 
The stones have the properties shown in Table 3.4 below.
Stone
Type
Porosity
m
Density
(S/m2)
Air Permeability 
(mD)
Specific surface 
area (m2g)
Ebenheider 21.10 2.66 274.0 2.19
Ruthener 23.97 2.73 706.0 6.34
Krensheimer 13.83 2.72 139.0 0.44
Table 3.4 Properties of the stones used in the assessment.
Page 43
Chapter 3. Materials
3.4 Treatment
3.4.1 Treatment Materials
A selection o f cubes o f concrete mixes 1, 2 and 3 had the hydrophobic material 
Dynasylan applied to one face. The treatment conforms with BD43/90 and is 
manufactured by a German company, Huls Troidorf AG. The properties o f  
Dynasylan may be seen in Table 3.5.
Concrete specimens o f Mixes A  B and C were either left untreated, or were treated 
on one face with the proprietary treatments Nitocote SN511, a hydrophobe 
manufactured by Fosroc, or Wacker OH, a consolidant manufactured by Wacker (see 
Table 3.5).
The stone specimens were treated at one end with one o f two materials. These were 
either a hydrophobic treatment, Wacker 290, or the same consolidating treatment as 
used on the concrete, Wacker OH. Wacker 290 is based on an oligomeric alkyl 
alkoxysilane (see Table 3 .5)
Dynasylan — i r ^ s x s n
........
Wacker OH Wacker 290
Type Hydrophobe Hydrophobe Consolidant Hydrophobe
Solvent content (%) 5 5 25 0
Active material trialkyl
alkoxysilane
trialkyl
alkoxysilane
silicic acid 
ethyl ester
oligomeric alkyl 
alkoxysilane
Active content 95 95 75 81±2
Specific gravity 0.91 0.90 0.94 1.05
Appearance colourless colourless colourless to 
yellowish
colourless to 
yellowish
Flash point 35°C 36°C 2°C >38°C
Table 3.5 Properties of the surface treatments applied to concrete and stone.
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In addition to the materials listed above, Brethane, a consolidating hydrophobe 
developed by the Building Research Establishment, see Price (b), had been applied 
to many of the site structures.
3.4.2 Treatment Application
Concrete Mixes 1, 2 and 3 were treated on one face only. Three application methods 
were used - spray, soak and paint. A garden spray was used to flood coat the 
treatment onto the surface. Two applications were made. The specimens which were 
soaked were placed with one face in a bath to a depth of 5mm, and left to soak for 
four hours. Treatment was thus absorbed by capillary suction into the sample. The 
samples which were painted had two flood coatings of the treatment applied, six 
hours apart.
Application of the treatment onto Mixes A, B and C concrete specimens was 
performed according to BD 43/90. Two treatment applications were sprayed onto the 
surface at a rate of 300 ml/min, six hours apart from one another.
Capillary suction over a period of four hours was the method by which all the stone 
specimens were treated. The Wacker 290 treatment material was diluted with 
hydrocarbon solvent (white spirit) to a ratio of 1:15. Wacker OH was used without a 
diluent. After treating, the specimens were stored at 50+10% RH and 25±5°C.
3.5 Conditioning
Concrete specimens were conditioned at 25±5°C and relative humidity at 50+10%. 
After a preliminary assessment using the moisture meter, a fortnight was established 
to be an adequate conditioning time for the samples to return to equilibrium.
The stone specimens were held in a humidity cabinet at 50±5% relative humidity and 
20+2°C. A saturated salt solution of ammonium nitrate was used to maintain the 
required humidity. Preliminary tests showed that a period of four days was sufficient 
for the samples to reach constant weight, and repeat tests were never performed 
within this time limit.
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3.6 Weathering
3.6.1 Concrete
Natural weathering of the concrete specimens was carried out to assess any effects 
this may have on the efficacy of any applied treatment. A slab and cube of each mix 
and treatment combination was exposed to the elements for approximately 6 months, 
from February until August, on the roof of a five storey building. The treated face 
was positioned to face south. The nearest weather station to Guildford is located in 
Farnborough, Hampshire, approximately 15 miles north west from Guildford. 
Appendix B summarises the weather during the exposure period.
3.6.2 Stone
Weathering of the stone specimens was carried out artificially. Three weathering 
procedures were carried out; freeze thaw, salt crystallisation and exposure in a 
saturated atmosphere in the presence of sulphur dioxide.
The freeze thaw regime was carried out by placing the specimens in a water bath at 
20°C to a depth of 10mm for two hours, and then placed in a salt solution at -15°C 
for two hours. The process was performed on the two sandstones and was repeated 
forty times.
The salt crystallisation process used sodium sulphate dissolved in water to a ratio of 
1:9. The sample was placed in a bath of the solution to a depth of 10mm, in 
accordance with DIN 52 111, for 4 hours at 23°C. This was followed by 16 hours at 
60°C, which was followed by 4 hours in a desiccator. Ten cycles were performed. 
The salt crystallisation weathering was carried out on the sandstones only.
The sulphur dioxide weathering procedure was carried out only on the limestone. 
The regime was carried out according to DIN EN ISO 6988. In the first stage, the 
treated samples were kept at 40°C and 100% relative humidity for 8 hours before the 
second stage, where the temperature was dropped to 18-28°C and 75% humidity for
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litres 0.3 litres
16 hours. In addition to the .. of water in the first stage, of S02 were introduced
into the weathering system for the second stage. Fifty cycles were carried out.
3.8 Testing
Tests were performed at least 28 days after application of any treatment, in 
conformity with BD43/90. Specimens were brought out from the conditioning 
chamber immediately before testing began and brushed free of detritus. Testing took 
place in the laboratory, which rarely had an atmosphere outside 40-60% RH and 18-
23°C.
3.7 Labelling of Samples
The following table shows the labelling system for the materials used.
Substrate Material 
(first letter)
Treatment Material 
(second letter) (third letter)
1 Concrete Mix One u Untreated I Indoor, i.e. unweathered
2 Concrete Mix Two D Dynasylan o Outdoor, i.e. natural
3 Concrete Mix Three B Brethane weathering
A Concrete Mix A N Nitocote SN511 F Freeze thaw
B Concrete Mix B H Wacker 290 X Salt crystallisation
C Concrete Mix C W Wacker OH Y Sulphur dioxide
E Ebenheider Red 
Sandstone
R Ruthener Green 
Sandstone
K Krensheimer Limestone
Table 3.6 Labelling system for materials used.
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All materials used had three letters to identify;
❖ the substrate material (first letter)
❖ the treatment material (second letter)
❖ the weathering process (third letter) 
to which the substrate had been subjected.
3.9 Scanning Electron Microscopy
For the evaluation of the treatment under the SEM, separate samples were prepared. 
Untreated samples of the Ebenheider sandstone and concrete Mix C were broken into 
pieces sufficiently small to fit into the SEM. Three specimens of each material were 
taken. One of each were left untreated, one pair were treated with Nitocote SN511, 
and another pair treated with Wacker OH. Treatment was accomplished by leaving 
the samples soaking with treatment for 48 hours. The samples were then removed 
from the treatment and placed in an oven at 40°C for eight days to increase the 
degree of cure.
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"Curiouser and curiouser, said Alice"
Alice in Wonderland\ Lewis Carrol
4  A s s e s s m e n t  o f  T e c h n iq u e s ^
A number o f techniques were required to be part o f a suite o f tests to enable a 
confident analysis o f a treatments efficacy in the field. The information gained from 
such an investigation may then be used to determine whether the structure is 
adequately protected against the weather and if not, to recommend retreatment.
There are many test methods currently available for the detection o f  the presence of 
surface treatments and assessment o f  their efficacy. A number o f tests which, from 
the literature and from experience, were most likely to be able to fulfil the necessary 
requirements were assessed either on site, or in the laboratory, depending on the 
availability o f the equipment.
Each method was appraised on various criteria. The equipment itself should be; 
o cheap to buy and run 
❖ simple to operate
o portable and robust enough to cope with on site conditions
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The method is required to;
♦ be non destructive
♦ give unambiguous results
♦ differentiate between treated and untreated surfaces 
Using these requirements as a guide, the following methods were assessed.
4.1 W a t e r A bsorption
4.1.1 Initial Surface Absorption Test
The ISAT was assessed both in the field and the laboratory in accordance with BS 
1881: Part 5, as described in Section 2.5.1.1. In the laboratory, a clamp was used to 
ensure a good seal between the cap and specimen. This was highly successful and 
enabled the equipment to be set up quickly and easily. The test could distinguish 
between the treated and untreated concrete specimens, see Table 4.1.
Mix Untreated Treated Number of tests
1 0.226 (±0 .122) 0.004 (±0.005) 6
3 0.195 (±0.099) 0.016 (±0.016) 6
Table 4.1 28 day 10 minute ISAT values in ml/m2/s on concrete Mixes 1 and 3 
(standard deviation in brackets).
When used in the field, however, the ISAT was much more cumbersome. A frame 
was required to hold the capillary and reservoir in place, and a great deal o f  
difficulty arose in obtaining a seal around the cap to prevent water leakage, since not 
enough pressure could be applied, even with a wheelbarrow, as shown in Photograph 
4.1.
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ISAT
equipment
Photograph 4.1 Water still leaked out, even with the pressure 
applied from an inverted wheelbarrow.
4.1.2 Karsten Tube
The Karsten Tube was evaluated in the laboratory as described in Section 2.5.1.2. 
This gave results which could easily distinguish between untreated and 
hydrophobically treated stone surfaces, as can be seen in Table 4.2.
Stone Untreated Hydrophobically
Treated
Number 
of Tests
E 1.30 (±0.24) 0.10 (±0 .01) 5
R 4.60 (±0.87) 0.15 (±0.03) 5
K 0.35 (±0.07) 0.15 (±0.02) 5
Table 4.2 Water absorbed in ml for hydrophobically treated 
and untreated stones in 60 minutes.
The Karsten Tube is very simple to use, only requiring a little clay to attach the tube 
to the substrate. The advantages o f the Karsten Tube are that it is small, easy to use, 
and many tests may be run simultaneously.
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4.1.3 The Autoclam
A limited experimental programme using the Autoclam was performed on a number 
of concrete Mix 3 cubes. The principles o f the test procedure was detailed in Section 
2.5.1.4. Air permeability and water sorptivity tests were carried out, providing the 
results shown in Table 4.7.
Sample Air Permeability 
Index (I.nP/min)
Water Sorptivity 
Index (msxltr7/min*)
Untreated 0.55* 0 33
Treated 0.59* 0.03
Table 4.7 Results from the Autoclam (* result affected by seal).
The results from the water sorptivity test show that a difference between the two 
samples could be identified. Difficulties arose in creating a good seal between the 
Autoclam and the surface, however. This disrupted many o f the results, such as those 
for the air permeability test. The adhesive supplied (Isopon) with the equipment was 
adequate for creating a seal, once the technique had been perfected, but the sealant 
was too good, if anything, Once the test had been completed, it was impossible to 
remove the ring without damaging the surface, see Photograph 4.2. Other sealants 
were used, but these, too, had the same problem of surface pull-off, though not as 
dramatic as that experienced with Isopon.
Photograph 4.2 The damage caused by the removal of the Autoclam base 
ring when the recommended sealant was used.
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In addition to creating a good seal, another problem was that o f the length o f time 
required for the sealant to become sufficiently cured before testing could begin. In 
the case o f the supplied sealant, curing time was an hour, but the alternatives took up 
to 24 hours to fully cure. This, on site, is unacceptably long. The Autoclam was 
therefore not included in the suite o f tests.
Summary
Although both ISAT and Karsten Tube techniques may be used successfully in the 
laboratory, the ISAT is much less useable in the field. The ISAT was therefore 
rejected in favour o f the Karsten Tube, which is more portable, easier to use, less 
costly, and can differentiate between treated and untreated surfaces. The Autoclam 
was not included in the suite o f tests due to the length o f  time required to set the test 
up and because o f the highly destructive nature o f the adhesive used to bond the 
equipment to the substrate.
4.2 M oisture C o n t e n t
Moisture content measurements were made using the dielectric constant and 
electrical capacitance methods. To compare these methods against a control the 
‘true’ moisture content was determined. This was done by weighing the specimen in 
the equilibrium state, and then placing it in an oven at 60°C until at constant weight. 
The change in weight divided by the original weight multiplied by 100 gives the 
‘true’ moisture content.
4.2.1 Dielectric Constant
The equipment used to determine the moisture content using the materials’ dielectric 
constant (see Section 2.5.2.1) was a M49 Moisture Meter (Photograph 4.3), 
manufactured by Physical and Electronic Laboratories Ltd, UK. The moisture 
content is displayed on a liquid crystal display as “Moisture %”. According to the 
manufacturers, the M49 meter measures moisture to a depth o f approximately
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25mm. The equipment is simple to operate, only requiring to be placed on the 
surface to be tested. It is thus entirely non-destructive.
Photograph 4.3 The M49 moisture meter.
The M49 meter can identify differences in moisture content in a Ruthener sandstone 
sample which had been equilibrated in different humidity levels, as can be seen in 
Figure 4.1 below.
a>*->coO
£3+->V>
O
Figure 4.1 The moisture content of Ruthener sandstone measured 
at different humidities using the M49 meter.
4.2.2 Electrical Conductance
A Delmhorst Model BD2000 was used to measure the moisture content o f various 
stone specimens. The equipment operates on the principles outlined in Section 
2.5.2.2. Holes were drilled into the specimen and the probes inserted. The moisture
50
Relative Humidity (%)
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content was measured at approximately 5mm intervals. The following chart shows 
the curves obtained after testing a selection o f treated and untreated Ebenheider 
sandstones.
40
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Figure 4.2 Moisture content at increasing depths within a selection of Ebenheider sandstone
samples using the Delmhorst meter.
It is possible to see from Figure 4.2 that the moisture level increases with depth, until 
a maximum level is reached at between 10 and 25mm. The Delmhorst moisture 
meter is unable to detect any moisture at the surface o f the specimens tested. This 
means that, to be able to make any measurements, it is necessary to drill holes into 
the specimen. This is not acceptable on aesthetic areas o f a structure, but may be so 
on unseen areas o f concrete.
Discussion
It is possible to see from Sections 4.2 .1 and 4.2.2 that the readings obtained from the 
two moisture meters do not give the same moisture content. This is because they do 
not use the same operating system (see Section 2.5.2). Figure 4.3 below shows the 
relationship between results from the M49 and Delmhorst meters taken from the 
Ebenheider sandstone.
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Untreated Hydrophobic Consolidant 
Treatment Type 
■ M49 >  Delmhorst
Figure 4.3 Comparison between M49 and Delmhorst moisture meter results 
at a depth of 25mm from the surface on the Ebenheider sandstone.
The Delmhorst obviously gives much higher readings than the M49 meter - up to 
three times the value in the case o f the consolidated stone. The differences are not 
consistent, however. The hydrophobic readings are only 2.4 times more than the 
M49 readings.
The manufacturers o f the M49 moisture meter claim that it gives the actual moisture 
content o f the surface under test. To corroborate, or otherwise, this statement, an 
investigation into the relationship between the readings from the M49 meter and the 
true moisture content, determined by weight was carried out. Figure 4.4 shows the 
correlation obtained between the two methods. The red line shows the linear 
regression for the data series.
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Figure 4.4 Relationship between the M49 moisture readings 
and actual moisture content determined by weight loss.
A large scatter between can be observed in Figure 4.4, especially when the ‘true’ 
moisture content is low (<1%). So whilst the M49 meter gives a reading o f 2.16 
times that o f the moisture determined by weight plus 3 .85, with a standard deviation 
o f 0.20, the M49 moisture meter may only realistically be used to give an indication 
of the internal moisture content o f a specimen.
Summary
The Delmhorst model BD2000 can identify the increase in moisture content with 
depth in a specimen. The technique is destructive, however, and as such cannot be 
included in the suite o f tests. The M49 meter will therefore be included to assess the 
moisture content.
4.3 E lectrical R esistivity
The equipment assessed which was used to assess this technique was manufactured 
by a German company, Form and Test. The equipment (seen in Photograph 4.4)
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measures the number o f breaks in the continuity in a water repellent coating.
Chapter 4, Assessment of Techniques
Photograph 4.4 The electrical resistivity equipment 
manufactured by Form and Test.
Operation o f the equipment is simple. Initial preparation includes cleaning o f the 
terminals and calibration test plate, making a saturated sodium hydroxide solution, 
and, if the surface is weathered, the application o f a coating to the area surrounding 
the test zone.
Once the initial preparation has been completed, to test on a horizontal surface, 
sponges soaked in the saturated Na(OH) 2 solution are positioned in the terminals, 
which are then connected to the control box. The terminals are 100mm long by 
50mm wide; the test area thus has to be greater than these dimensions. The test starts 
when the terminals are placed on the sample. Measurements are made at intervals 
until the end o f the test at 90 minutes.
It should be noted that the term ‘resistivity’ is a misnomer. The equipment does not 
measure resistivity, but in fact measures a surfaces’ inability to absorb, in effect, 
moisture. The more repellent the surface is to moisture absorption, the lower the 
reading.
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A test specimen o f a Ruthener sandstone was used to determine whether the 
technique could be used to detect the presence o f a hydrophobic treatment. As can be 
clearly seen in Figure 4.5, there is a distinct difference between the two zones.
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Figure 4.5 The measured values obtained for untreated 
and treated Ruthener sandstone specimens.
100
The untreated area absorbs a great deal o f electrolyte, and many o f the regions which 
have no hydrophobic treatment are connected electrically. After 90 minutes a reading 
o f more than 1500 between the terminals may be observed. The treated zone, on 
the other hand, absorbs almost zero electrolyte, and so no voltage flows between the 
terminal electrodes. Thus the measured value remains low.
The electrical resistivty equipment can evidently differentiate between treated and 
untreated areas o f a porous building material. Although the equipment takes half an 
hour or so to set up before each test day, it is possible to run four tests concurrently, 
and many tests may be completed in a working day.
Summary
The equipment is portable (it is supplied with a carrying case), relatively easy to 
operate and obtain data from, and can easily distinguish between treated and 
untreated surfaces.
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4.4 Surface R eflectance
Surface reflectance measurements are commonly applied to quality control in the 
paints and coatings industries. Reflectometers are able to detect any change in 
colouration of a sample.
A surface reflectometer (Photograph 4.5) manufactured by Westlairds, UK, was used 
in the assessment of the method, which complies with several standards, such as BS 
3262 and 1615 and ASTM E97-55, D589 and D3258. It operates with a 45/0° 
geometry (see Section 2.5.4). The integral memory is capable of storing up to 1000 
measurements. The reflectometer uses an arbitrary scale from zero, representing the 
black end of the scale, to one hundred, representing the white end.
Photograph 4.5 Westlairds surface reflectance shown with calibration plates
The graph below shows the results from a preliminary assessment of treated stone 
specimens. It can be seen that there is a difference not only between treated and 
untreated surfaces, but also between the two types of treatment.
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25 r
Treatment Type
Figure 4.5 Surface reflectance measurements between untreated, 
hydrophobically treated and consolidated Ebenheider sandstone samples.
Summary
The surface reflectance equipment is able to identify both the presence o f a treatment 
and between different treatment types. It is suited to site work, being compact, 
lightweight and easy to operate. It will therefore be included in the suite o f tests.
4.5 M e r c u r y Intrusion Porosimetry
Mercury intrusion porosimetry is a well established technique used in the 
determination o f the distribution o f pore sizes. The intended use o f MIP during this 
work was to increase the understanding o f the influence o f pore size distribution and 
porosity on the trends observed from other test methods, such as water absorption 
and electrical resistivity tests, and not as a method to determine the presence o f a 
treatment, per se. Its inclusion as one o f the techniques used was therefore not tested 
to determine its suitability, as it is already a well established method.
The equipment used was the Autopore II 9220, manufactured by Micromeritics of  
the USA, shown in Photograph 4.6 below. It is capable o f generating pressures o f up 
to 414 MPa, and can measure pore sizes between 0.003 - 300|iim
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Photograph 4.6 The Micromcritics Autopore II 9220.
Summary
Mercury intrusion porosimetry is commonly used for the determination of pore size 
distribution of porous media. Although the technique requires the use of cores, 
which means a certain amount of damage to the structure under investigation, it is 
necessary to have a more comprehensive understanding of the mechanisms of 
treatment interaction with the pore structure and also of the behavioural patterns of 
other phenomena such as water ingress, moisture movement and electrical 
properties. If permissible, cores should be taken from a structure to allow a greater 
understanding of the materials’ pore structure under test.
4.6 M agnetic R es o n a n c e Im a g i n g
A magnetic resonance imaging technique known as gradient echo was employed to 
ascertain whether a surface treatment could be identified. A sample of the 
Ebenheider sandstone was treated at one end with the hydrophobic material 
Dynasylan and cured at 20°C for seven days. A drop of water was placed at the 
untreated end immediately before the start of the test. The sample was then 
monitored for 28 hours to observe the flow behaviour of the water. Figure 4.6 below 
shows the resulting spectra (the peaks show the presence of water).
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Pixels (0.25mm per pixel)
Figure 4.6 Observing the intrusion of water over time 
through a hydrophobic treatment, after Benson.
At zero hours, the presence of the treatment may be observed by the increase in 
amplitude over the baseline to the right of 255 pixels, where the edge of the 
treatment lies. The water, which can be identified by the large peak towards the 
untreated end, can be seen to be mainly in the first few millimetres from the surface. 
As time progresses, however, the water intrudes further into the sample. The 
intrusion appears not to be hindered to any great extent by the presence of the 
treatment.
Summary
Whilst MRI has been proved to be a highly powerful technique in the detection of 
surface treatments, the method is not practicable for site use. The technique will 
therefore not be included in the suite of tests.
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4.7 FT-IR Spectroscopy
Several specimens of stone were analysed by FT-IR spectroscopy in the near infra­
red band. Figure 4.7 below, typical of those obtained, shows the difference between 
an untreated and a hydrophobically treated Ebenheider sandstone.
The treated specimen has been moved up the (arbitrary) ordinate axis to clarify 
differences between the two curves. It can be seen that at around 4300 and 5800 
wavenumbers there are additional peaks on the spectra from the treated specimen, 
which are attributable to the presence of the treatment.
It is evident that FT-IR spectroscopy can identify the presence of a treatment. Its 
applicability to site work is, however, currently unviable due to the bulk of the 
equipment. There is a necessity, therefore to be able to take cores from a structure, 
which is not always possible. It is possible that in the future, after substantial 
development has taken place, FT-IR may be used in the field.
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Summary
Whilst FT-IR can potentially identify the substrate material and the presence, and 
ultimately define the composition and quantity (and therefore the efficacy) of a 
surface treatment, a great deal of work has yet to be done on compiling a library to 
which one may refer to identify which chemical is on what substrate. The technique 
is also presently confined to laboratory use. Consequently it is currently impossible 
to employ the vast potential of FT-IR in the manner required to satisfy the criteria set 
out at the beginning of this section.
4.8 Scanning E l e c t r o n M icroscopy
Whilst SEM will not be a technique which can be used on site for the foreseeable 
future, it is a highly useful tool for the investigation of the presence of structures 
invisible to the naked eye. Previous work has shown that SEM can be applied to the 
detection of treatments applied to porous building materials, see Section 2.5.8.
Summary
Although SEM may not be used to assess the efficacy of a treatment per se, it is 
possible to utilise the technique to conclusively visualise the presence of a treatment 
on a porous material. Explanations may then be offered as to why the sample is 
exhibiting certain experimental trends, for example low water absorption may be 
qualified using the SEM by detecting a good coating of surface treatment.
4.9 U ltrasonic Pulse V elocity
Ultrasonic pulse velocity measurements were undertaken using a PUNDIT, 
manufactured by CNS Electronic of London. The equipment complies with B S 1881: 
Part 203 and ASTM C597-83, and measurements were made according to the 
former. The equipment is portable and may thus be used on site. 100mm specimens 
of Ebenheider sandstone were tested to establish whether the method could identify 
the presence of a treatment. The following results were obtained using the PUNDIT 
in the direct transmission mode.
Page 65
Chapter 4. Assessment of Techniques
Stone Pulse Velocity (km/s) Number of Tests
EUI 2.433 (±0.008) 5
EWI 2.762 (±0.007) 5
Table 4.3 Results from measurements of ultrasonic pulse velocity on an 
untreated Ebenheider sandstone sample and one treated with a consolidant.
There is a slight difference between treated and untreated samples. Whilst the 
method is proven in the assessment o f the strength o f concrete, it appears that the 
depth o f penetration and the resultant effect a consolidant may have upon a substrate 
is relatively small. The results in Table 4.3 suggest that it may be possible to 
determine the presence o f a consolidating treatment. The evaluation was performed 
using direct transmission o f the pulse. On site, however, indirect transmission would 
have to be employed, and this may have an effect on the results. It would be difficult 
to determine the efficacy o f a treatment, however.
Summary
The PUNDIT requires the use o f a coupling agent, usually a high viscosity grease, 
which is difficult to remove without deep staining. This factor, in addition to the fact 
that the efficacy o f a treatment may not be determined, led to the conclusion that the 
PUNDIT should not be included in the suite o f tests.
4.10 Sc h m i d t H a m m e r
The Schmidt hammer is manufactured by Proceq, and operates on the principles 
outlined in Section 2.5.10. There are several different types o f hammer, although the 
only difference is the force with which the mass is propelled onto the surface. A 
Type P hammer was used on a Ebenheider sandstone in the laboratory to assess the 
methods ability to distinguish between an untreated and a consolidated surface. The 
results are summarised below.
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Surface Rebound Number Number of Tests
EUI 42.2 (±2.93) 20
EWI 42.6 (±2.65) 20
Table 4.4 Rebound numbers obtained from treated and untreated specimens.
The strength corresponding to these rebound numbers cannot be determined without 
the necessary comparison chart (the only publicly available ones are for concrete). It 
can be seen, however, that the difference is so slight between the two specimens that 
it may be considered negligible.
The Schmidt hammer is unable to distinguish the presence o f a consolidating 
treatment. This may be due to the fact that the Schmidt hammer measures the 
strength in a relatively large region o f the specimen, whereas the treatment will only 
penetrate a few tens o f millimetres. The relative strengthening effect over the whole 
zone is therefore minimal. The Schmidt hammer has been found to be highly 
material and user-dependent (see Section 2.5.10) and so whilst the results obtained 
by a single user may be reproducible on one day, they may not be some time later, 
and even less so between users.
Summary
The Schmidt hammer is unable to determine the presence o f a consolidating 
treatment on a Ebenheider sandstone. It will not be included in the suite o f tests.
4.11 Sc h m i d t Pe n d u l u m
The Schmidt pendulum works on the same fundamental principle as the Schmidt 
hammer, but its operating principle is slightly different. Instead o f using a bar to 
measure the rebound, a ball on the end o f a pivoting arm is used. Again, the power 
used to measure the rebound is variable with the model. A model Type P was tested
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on the Royal Artillery Memorial. The following results were obtained from an 
untreated area and a Brethane treated zone.
Surface Rebound Number Number of Tests
Untreated 111 (±6.67) 20
Treated 114 (±4.48) 12
Table 4.5 Rebound numbers obtained from the Schmidt pendulum 
on the Royal Artillery Memorial (made from Portland limestone).
As with the Schmidt hammer, a calibration table is required to relate the rebound 
number to the strength o f the material, but this information is unavailable for the 
stone from which the Memorial is constructed. The readings may still be compared, 
however.
Summary
The two values obtained from the pendulum are very similar. There is no distinct 
difference between the treated and untreated surfaces. The Schmidt pendulum is 
therefore o f no use in the suite o f tests.
4.12 G as Pe r m e a b ility
The gas permeability was determined using a ‘Surrey Permeability Cell’. Developed 
at the University o f Surrey, it is a modification o f the C&CA Gas Permeameter, 
Grube. The equipment is shown in Photograph 4.7.
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Photo 4.7 Gas permeability equipment.
Oxygen was used to test concrete Mix 3 to evaluate the equipments ability to define 
any difference in the permeability of an untreated and a sample treated with 
Dynasylan, a hydrophobe.
Sample Permeability Value, 
K (xlO I6m2)
Number o f
Tests
3UI 0.689 (±0.020) 5
3D1 0.486 (±0.013) 5
Table 4.6 Results from the oxygen permeability tests.
Evidently from Table 4.6 above, there is quite a substantial difference between the 
two samples. For the equipment to work without gas leakages, however, specimens 
of a specific uniform size are required (100mm). It is impossible to be able to use the 
‘Surrey Permeameter’ without taking large cores from the structure to be tested.
Summary
Since the design of the equipment means that suitable modifications may not be 
made to enable non-destructive testing, the technique cannot be included in the suite 
of tests.
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4.13 C o n t a c t A n g l e
The contact angle of water on a hydrophobically treated surface represents a direct 
measurement of the wettability\ of that surface; all the other tests measure the 
efficacy indirectly. Several tests were carried out to establish if the contact angle 
could be used to differentiate between untreated and treated surfaces with the naked 
eye. A drop of water was placed on the surface of the specimen using a pipette, but 
no differences could be identified visually.
The accurate measurement of contact angle by eye is not possible, although others, 
Hasscm, Honsinger, EC Report (see Section 2.5.13), have managed to use 
microscopes to detect differences. The use of contact angle measurement in the field 
is limited, however. Firstly, the necessary use of a microscope would entail lengthy 
setting up procedures on site, and the equipment is relatively delicate. Secondly, and 
more importantly, most surfaces on a structure are vertical. This means that a drop of 
water, if it does not run down the face, will droop, making interpretation of 
measurements highly complex.
Summary
Contact angle measurements would be an ideal test to use to assess the efficacy of a 
hydrophobic treatment, if the problems with its determination could be overcome. 
The impracticality of the technique on site thereby excludes it from the suite of tests.
4.14 Porosity
Porosity is an important factor in the determination of the rate of water ingress, and 
thus is an important parameter to have knowledge about for the evaluation of the 
techniques used for the site investigations. Two methods were used for the 
measurement of porosity. Both require a sample to be taken from the structure for 
laboratory assessment.
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4.14.1 Vacuum Method
The vacuum method o f porosity determination requires the use o f an evacuation 
chamber, a vacuum pump, and the specimen. Differences between treated and 
untreated samples could not be determined, but differences in porosity could be 
observed between substrate types. The technique is highly time consuming, since the 
samples need to reach equilibrium in the drying out stage.
4.14.2 Helium Pycnometry
Helium pycnometry tests were carried out on the Micromeritics Accupyc 1330 
model (see Photograph 4.8). Differences between concrete mixes and stone types can 
easily be detected. Evaluation o f porosity using the pycnometry method is rapid 
(requiring approximately 15 minutes for each specimen).
Photograph 4.8 The Micromeritics 1330 pycnometer.
Summary
Information gained on the porosity o f a sample is important in the determination o f 
the extent that treatment may have upon, say, water absorption values when 
compared with an untreated sample The vacuum saturation technique was not
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included in the suite o f tests as it is too time consuming. Helium pycnometry is a 
quick and simple method for the determination o f total porosity in the laboratory, 
and was thus included as one o f the complementary laboratory methods in the suite 
o f tests.
4.15 Su m m a r y  of T est M etho ds
Seven techniques were considered to satisfy the criteria outlined at the beginning o f  
this chapter. Four methods which may be used both in the field and in the laboratory 
were included in the suite o f tests; the Karsten Tube, the M49 moisture meter, the 
Westlairds surface reflectometer and the electrical resistivity equipment 
manufactured by Form and Test. Three laboratory based methods were also included 
to complement and confirm the results obtained using the site test methods. Table 
4.8 summarises the results o f the appraisal o f the test methods outlined in sections
4.1 to 4.14.
Technique Non­
destructive
?
Cost Ease o f
tmeratinn
Identify
.«........... ,otreatment r
Test
orientation
?
Time 
for test 
(nuns)
Suitable 
for site 
work?
Include 
in suite?
Oxygen
Permeability
No Moderate Difficult Yes n/a 30 No No
(site)
ISAT Yes Low Moderate Yes Hori/Vert 60 No No
Karsten Tube Yes V. Low Easy Yes Hori/Vert 60 Yes Yes
(site)
Autoclam No High Moderate Yes Hori/Vert 20 Yes No
Electrical
Resistivity
Yes Moderate Easy Yes Hori/Vert 90 Yes Yes
(site)
Contact
Angle
Yes V. Low Moderate Yes Hori 5 No No
Surface
Reflectance
Yes Moderate Easy Yes Hori/Vert 5 Yes Yes
(site)
Moisture
Meter
Yes Moderate Easy Yes Hori/Vert 5 Yes Yes
(site)
Pulse
Velocity
Yes Moderate Easy No Hori/Vert 5 Yes No
Schmidt
Hammer
Yes Moderate Easy No Hori/Vert 5 Yes No
Schmidt
Pendulum
Yes Moderate Easy No Hori/Vert 5 Yes No
Helium Auto- 
pycnometry
No Moderate Easy No n/a 20 No Yes
(lab)
MRI No High Difficult Yes n/a 1200+ No No
SEM No High Difficult Yes n/a 60 No Yes
(lab)
MIP No High Moderate Yes n/a 120 No Yes
(lab)
FT-IR
Spectroscopy
No High Moderate Yes n/a 10 No No
Table 4.8 Summary of test methods assessed.
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"Nothing antagonises me more than having the 
most trivial action analysed and explained
Nancy Milford, Zelda, 1970
5  L a b o r a t o r y  A s s e s s m e n t
5.1 Po r e Size D istribution
Mercury intrusion porosimetry was used to determine the pore size distribution. 
Samples were taken from the 25mm nearest the treated surface of the specimens to 
ensure that the whole of the sample was covered with treatment.
5.1.1 Concrete
The following charts show the pore size distributions of the concrete tested in the 
laboratory. The concrete had been dried in an oven for three days at 40°C and was 
60 days old at time of testing.
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Figure 5.1 Pore size distribution for concrete Mix A.
Page 73
Chapter 5. Laboratory Assessment
0.035 
0.030 
f  0.025
I 0.0203
o
>  0.015
0
1 0.010
c
0.005
0.000 1 i n
IBWI 
I BNI
□ BUI
0- 0.005- 0.01- 0.05- 0.1 -0.5 0.5-1.0 1.0-5.0 5.0- 10.0- >50.0
0.005 0.01 0.05 0.1 10.0 50.0
Pore Radius Ranges (^m)
Figure 5.2 Pore size distribution for concrete Mix B.
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Figure 5.3 Pore size distribution for concrete Mix C.
There are no significant trends between the untreated and treated specimens, except 
that all specimens show a similar distribution o f pore sizes. All mixes display a 
decrease in the number o f pores between 50|im and 0.1 qm, with a slightly larger 
volume o f pores greater than 50|im, and the large majority o f pores smaller than 
0.5|im
Total intrusion volumes increase as water/cement ratio increases. The untreated Mix 
A specimen has a total intrusion volume o f 0.0426ml/g o f mercury, untreated Mix B 
has 0.0585ml/g Hg and untreated Mix C intrudes a total o f 0.063 lml/g o f mercury.
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Mix A has little intrusion in the 0.05-0.lpm and 0.1-0.5pm pore ranges (intruding 
0.002ml/g Hg for each range), whereas Mix C has a much larger intrusion volume in 
the same pore radius ranges (0.008ml/g Hg for each range). Mix C has more pores in 
the 0.1-0.5pm range than the other two mixes.
No significant changes in the pore size distribution were observed after the 
application of a surface treatment. From a theoretical point of view, it should not be 
possible to identify the presence of a pore-lining treatment, such as the hydrophobic 
and consolidating treatments applied to the concrete, from the pore size distribution 
plots. The thickness of treatment lining the pores is only a matter of several nanometers 
(see Section 5 .7), and this has negligible effect upon the radius of the pores.
5.1.2 Stone
The following graphs show the results from the mercury intrusion porosimetry 
evaluation of the stones.
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Figure 5.4 Pore size distribution for the hydrophobically treated limestone.
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Figure 5.5 Pore size distribution for the hydrophobically treated Ruthener sandstone.
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Figure 5.6 Pore size distribution for the hydrophobically treated Ebenheider sandstone.
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Figure 5.7 Pore size distribution for the consolidated Ebenheider sandstone.
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It is possible to see from Figures 5.4 to 5.7 that the pore size distribution is very 
different for each stone type. The untreated limestone has the bulk of its pores in the 
0.1-0.5pm and 1.0-5.0pm ranges, totalling 0.032ml/g of mercury intruded. The 
untreated Ruthener sandstone has the vast majority of its pores in the 10-50pm range 
(intruding 0.085ml/g Hg). The untreated Ebenheider sandstone has most of its pores 
in the 1.0-5.0pm range, with 0.030ml/g of mercury intruded.
It is possible to see a slight change in the pore size distribution after application of a 
surface treatment; this is more obvious in the pore ranges with largest intrusion. 
These are the 0.1-0.5pm and 1.0-5.0pm ranges for the limestone, the 10-50pm range 
for the Ruthener sandstone, and in the 5.0-10.0pm and 10.0-50.0pm ranges for the 
Ebenheider sandstone. Weathering has a slight effect on the hydrophobically treated 
limestone, but not on any of the other specimens.
It is interesting to note that, on the Ebenheider sandstone, the consolidant does not 
block the pores any more than the hydrophobic treatment. Since the hydrophobic 
treatment is a pore liner, it is with some interest that changes in the pore size 
distribution occurs with the hydrophobic treatment, as one should not expect to be 
able to detect any change in the pore size distribution.
The differences in pore structure between the different stone types can be observed 
more easily by noting the total mercury intrusion volumes. The limestone has a total 
mercury intrusion volume of 0.0490ml/g, the Ruthener sandstone intrudes 
0.1128ml/g of mercury, and the Ebenheider sandstone 0.0658ml/g. When compared 
with the porosity results in the next section, it can be seen that these two parameters 
are directly related.
Total intrusion for some concrete and stone specimens is comparable. The 
Ebenheider sandstone is comparable with the concrete Mix C, and the limestone has 
a comparable mercury intrusion with Mix A. Mix B has an intermediate intrusion 
between the aforementioned materials. The Ruthener sandstone, however, has a
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much greater mercury intrusion volume; it is approximately double all the other 
materials. It has a porosity approximately 8% greater than the other materials.
The distribution curves for the concrete and stone specimens are dramatically 
different. All the concrete mixes show a similar distribution with one another; most 
of their pores are smaller than 0.1pm. The majority of the pores in the stones, 
however, are larger than 1.0pm.
The differences in pore size distribution play a major role in the materials’ ability to 
absorb water. Mix A and the limestone have similar water absorption values. The 
Ebenheider sandstone has about three times the absorption in comparison with Mix 
C due to the fact that the stone has a greater proportion of larger pores, and thus 
allows more water to penetrate. Untreated Ruthener sandstone, which has by far the 
greatest mercury intrusion volume, has the largest water absorption - approximately 
four times that of the untreated Ebenheider sandstone.
The pore size distribution also affects the moisture content of the sample. All the 
concrete mixes have moisture contents in the region of 18%, whereas the stone 
moisture contents vary from 4% to 12%. This may be due to differences in 
capillarity between the materials. The concrete samples have much smaller pores, 
and so capillary forces will tend to be greater, and will thus exert a greater tendency 
to retain any moisture present in the pore structure.
5 .2  P o r o s i t y
Total porosity measurements were made using the 25mm nearest to the treated 
surface to ensure that the whole of the test specimen had been treated.
5.2.1 Concrete
The following chart shows the concrete porosity results from the helium 
autopycnometer.
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oo.
Figure 5.8 Porosity of concrete mixes A, B and C.
As expected, the porosity of each mix decreased with the water/cement ratio (see 
Section 2.1.1). Mix C had the highest porosity, at 15.1%, Mix B had an intermediate 
porosity of 14.0%, and Mix A had least porosity (9.4%). The porosity can also be 
seen to decrease over time, as hydration of the cement progresses; the 300 day 
porosity shows a decrease of between one fifth and one third in comparison with the 
28 day value.
The trends observed in total porosity measurements closely follow the trends found 
from the total mercury intrusion volumes. Mix A has the lowest intrusion volume 
and has the lowest porosity. Mix C has the highest intrusion volume and likewise has 
the highest porosity. Mix B has intermediate values in both respects.
Concrete Mix dayS
old
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5.2.2 Stone
The figures below give the porosities calculated for the stone specimens.
Surface Treatment and Weathering Regime
Figure 5.9 Stone porosity determined using helium autopycnometry.
The porosity measurements reflect the pore size distributions o f each o f the stone 
types; the limestone has the smallest intrusion volume, and also has the lowest 
porosity (9.6%). The Ebenheider sandstone has an intermediate porosity o f 17.7%. 
The Ruthener sandstone has the highest mercury intrusion volume and, therefore, the 
highest porosity (25.2%).
Application o f a hydrophobic treatment has little effect upon the porosity, as 
expected. Weathering o f the hydrophobic treatment has a varying effect; the Y 
procedure actually increases the porosity, possibly due to stone dissolution; the 
freeze thaw weathering regime decreased the porosity o f Ebenheider sandstone 
slightly, but increased it slightly for the limestone. Salt crystallisation also slightly 
lowered the porosity in comparison with the untreated stone.
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Treating the Ebenheider sandstone with the consolidating surface treatment 
decreased the porosity by a fifth with respect to the untreated sample. Subsequent 
weathering had a negligible effect on the porosity.
5 3  Water Absorption
5.3.1 Concrete
The following figures describe the water absorption results obtained from the 
unweathered and weathered concrete specimens using the Karsten Tube. The 
specimens had been equilibrated at 50% relative humidity and 25°C prior to testing.
JO
A NO
Time (minutes) Time (minutes)
a. Absorption values for Mix A b. Absorption values for Mix B
Time (minutes)
c. Absorption values for Mix C
Figure 5.10 Modified histograms showing water absorption using the Karsten tube 
on concrete Mixes A, B and C. The results are an average of 9 readings.
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As expected, the concrete with the highest water/cement ratio, Mix C, has the 
greatest untreated, unweathered water absorption (0.46ml after one hour) and the low 
water/cement ratio mix, A, has the lowest absorption (0.16ml). Mix B  has an 
intermediate value o f 0.20ml.
Application o f the treatments to all unweathered mixes lowers the water absorption. 
On Mix B , Wacker OH (W) is the most effective, almost halving the volume o f 
water absorbed compared with the untreated specimen. Nitocote SN511 (N) 
decreases the absorption by roughly 25%  o f the untreated value. When applied to 
Mix C, Nitocote SN511 is the more effective, although the difference between it and 
the Wacker OH treatment is very slight. Both treatments when applied to Mix C 
decrease the absorption by approximately 80%. Application o f a treatment to Mix,$ 
however, has little effect. The volume o f water absorbed over the one hour period is 
so small for the untreated sample that it is approaching the resolution o f the 
equipment, and the measurable effect any treatment has is negligible.
Weathering has the apparent effect o f lowering the absorption values across all 
mixes, although the Mix C specimen treated with Nitocote actually increases its 
absorption over an hour after weathering, conflicting with the trend. Water 
absorption decreases upon weathering o f Mixes A and B. Although this is contrary to 
the initial thought that the treatment should decay over the weathering period, 
thereby allowing greater water ingress, and not less. This may be because the 
weathering time was short, and that the concrete was still young during the exposure 
period and therefore the pore structure would still be developing. Indeed, the 
porosity and permeability was found to decrease overtime (see sections 5.1 and 5.2). 
Another factor which would contribute to a lower water absorption is that o f 
treatment cure. Although the manufacturers claim that the treatment is effective after 
a 28 day period, the hydrolysis reaction continues for a much longer period than this, 
Bohris.
It is interesting to note that the Wacker OH treatment has a far greater effect at 
reducing water absorption than Nitocote. This may be because Wacker is a
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consolidant (albeit with hydrophobic qualities) and Nitocote as a hydrophobe. Since 
all specimens were treated identically and stored under the same conditions, the only 
plausible explanation must be that Nitocote is less effective at reducing the 
absorption o f water in comparison with the Wacker OH treatment.
An effective surface treatment will allow only very small quantities o f water to be 
absorbed over a period o f an hour, irrespective o f the porosity and pore size 
distribution. With all concrete mixes, water absorption is reduced to 0.20ml or less 
over an hour, regardless o f treatment type. In some cases, for example with Mix A, 
the reduction is relatively small. This is because it has a low water/cement ratio and 
is relatively impermeable (see section 2 .1.1), thus the extent to which a water 
repellent treatment may have upon the water absorption is limited
The efficiency o f a treatment is, however, dependent on the porosity and pore size 
distribution. If applied to a higher permeability material, such as Mix C, the change 
in water uptake will be much greater than for a low permeability material such as 
Mix A. The benefits o f treating an impermeable material are thus greatly diminished 
with respect to more permeable materials. The application o f a surface treatment to 
such materials is therefore questionable.
Rating Result (ml/tn/s)
High >0  2
Average 0 .1-0.2
Low <0.1
Table 5.1 Typical results from IS AT at one hour 
after start of test, after Concrete Society.
The Karsten Tube results for water absorbed after one hour may be used to calculate 
the absorption rate in ml/m2/s by multiplying by a factor o f 0.381 per 1ml absorbed 
Comparison o f these values with typical ISAT absorption values published by the 
Concrete Society (see Table 5.1) reveals that the concrete mixes all have a water 
absorption in the ‘low’ category, i.e. less than 0.1 ml/m2/s (equivalent to 0.26ml in
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one hour), with the exception of the untreated and unweathered Mix C specimen 
which is in the ‘average’ category with an absorption of 0.175ml/m /s.
5.3.2 Stone
The charts below show the water absorption obtained from the stone specimens.
Time (minutes) Time (minutes)
a. Absorption values for the hydrophobically 
treated Ruthener sandstone
b. Absorption values for the hydrophobically 
treated limestone
Time (minutes) Time (minutes)
c. Absorption values for the hydrophobically d. Absorption values for the consolidant 
treated Ebenheider sandstone treated Ebenheider sandstone
Figure 5.11 Modified histogram showing water absorption using the Karsten Tube 
for the stone specimens. The charts plot the average of 9 readings.
From section 5.1.2 it can be seen that porosity and permeability play a major role in 
the rate of absorption. The coarse grained Ruthener sandstone (R) has a much higher 
absorption than the two other stones. The limestone (K) has a very low untreated
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water absorption. If these values are related back to the pore size distribution curves, 
shown in Figures 5.4 to 5.7 in section 5.1.2, it is possible to note that the Ruthener 
sandstone has a huge proportion of its pores in the range 10-50pm (intruding 
=0.080ml/g of mercury), which plays a crucial role in introducing capillary forces, 
thus increasing the water absorption. When compared with the pore size of 
distribution of the limestone, whose majority of pores are in the ranges 0.1-0.Sqm 
(equivalent to =0.019ml/g of mercury) and 1.0-5.0pm (=0.013ml/g Hg), it may be 
seen that, not only does the Ruthener sandstone have much larger pores, but also a 
great deal more of them. This is reflected in the limestone absorption value of only 
0.35ml over the hour of the test compared with the 4.6ml for the Ruthener sandstone.
As with the concrete, the water absorption values are higher for the untreated 
specimens. Treatment with either a hydrophobic and consolidating treatment lowers 
the absorption to between 50% (limestone) and 5% (Ruthener sandstone) of its initial 
value. This discrepancy in the extent of the drop in water absorption may be due to 
one of two factors. Firstly, and more unlikely, the efficacy of the treatment may be a 
function of the pore size distribution and/or the porosity (i.e. the greater the 
permeability the greater the water repellency of the treatment). Secondly, and more 
probably, the treatment may work just as effectively irrespective of permeability and 
will reduce the water absorption using the Karsten Tube to the region of 0.15ml or so 
in an hour.
The treatment effectively prevents the ingress of any substantial quantities of water. 
In fact the treatment reduces the ingress of water to such an extent that it is below the 
resolution of the Karsten Tube. The scale on the tube is graduated into 0.1ml 
markings, and so it is possible to read to 0.05ml intervals. All except one of the 
readings are less than <0.2ml in one hour, with standard deviations of between 0.03 
and 0.07ml. This means that the equipment has reached its limit in terms of its 
ability to read these very low levels of water absorption.
Weathering (by all types) of the hydrophobic treatment actually decreases water 
absorption, contrary to expectations. Unlike concrete, stone is not a dynamic system;
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the pore structure is static, and so the explanation used for concrete cannot be 
applied to stones. It is possible that the relatively high concentrations of chemicals 
used in the artificial weathering procedure are reacting with either the stone itself, or 
the treatment, or both, and that the formation of expansive reaction products are 
blocking the pores, preventing the ingress of water. Another possibility is that the 
surface treatments are undergoing continuing hydrolysis (in a similar manner to that 
experienced by Bohris), and are becoming increasingly effective at repelling water.
The case of the consolidation on the Ebenheider sandstone is a different story, 
however; both the F and X weathering processes increase the apparent water 
absorption, as initially expected. Salt crystallisation (X) is more damaging to the 
hydrophobic treatment than freeze thaw (F), though absorption of 0.5ml for the 
EWX sample is still only 38% of the untreated sample (EUI). The effect observed 
with the hydrophobic treatment cannot be seen to be manifesting itself with the 
consolidating treatment - the action of weathering is reducing the ability of the 
consolidant to repel water.
5.4 Moisture Content
5.4.1 Concrete
The following chart gives the moisture contents evaluated for the unweathered and 
weathered concrete specimens. The specimens were conditioned at 50% RH and 
25°C before testing.
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Concrete Mix and Treatment
Figure 5.12 Moisture content determined using the M49 meter.
It is interesting to note that the levels of moisture in the different mixes decrease as 
the water/cement ratio increases. A possible reason for this may be that Mix C has 
more capillary pores than the other mixes, and this allows water to evaporate more 
easily. Mix A has more gel pores as a percentage of its total porosity, and the water 
will be held more strongly.
There is a general trend for the moisture content to increase after weathering, albeit 
by only one or two per cent. This occurs most notably with both the untreated and 
Nitocote treated Mixes B and C. The exceptions to this trend are the Wacker treated 
Mixes B and C. All specimens of Mix A increase their moisture content, but to a 
lesser extent than Mixes B and C.
In mixes B and C, treating with Nitocote has minimal effect on the moisture content, 
but the application of Wacker OH appears to increase the moisture content by 
approximately 3%. This phenomenon is not observed in Mix A. It is possible that the 
impermeable pore structure of Mix A means that the Wacker OH treatment cannot 
penetrate as much, and therefore the effect it has upon the moisture content will be 
lessened.
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5.4.2 Stone
Stone Treatm ent and W eathering Regime
Figure 5.13 Moisture content of stones determined using the M49 meter.
Differences in the moisture content between types of stone is apparent, with the 
Ebenheider sandstone (E) having the highest moisture content, the Ruthener 
sandstone (R) has an intermediate moisture content, with the limestone (K) the 
lowest. This does not reconcile with the order of the stones from the porosity 
measurements (see section 5.2.2) or the water absorption values (section 5.3.2); that 
is, R has the highest porosity and water absorption, E intermediate values, with K the 
lowest. A possible reason for this discrepancy is that the Ebenheider sandstone 
contains compounds which increase the apparent moisture reading, i.e. by having a 
high dielectric constant. A possible source of these compounds is salt contamination, 
either from the preparation stage, or within the stone itself.
The application of the hydrophobic treatment decreases the moisture content. This is 
not unexpected as the hydrophobic treatment will tend to repel water from the zones 
near the surface which have been treated. Since the M49 meter only measures 25mm 
into the material, one should expect to get lower readings, since the penetration 
depth of the treatment is of this order (and greater).
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Weathering with procedures F and Y has little effect on the moisture content 
compared with the hydrophobically treated specimens, but with the crystallisation 
weathering regime on the hydrophobically treated stone, a decrease of approximately 
one third is observed. Treating with the consolidant has a negligible effect on the 
moisture content, but, again, weathering by crystallisation lowers the moisture 
content.
5.5 Surface R eflectance
5.5.1 Concrete
The following graphs show the results from the surface reflectance measurements on
concrete.
Figure 5.14 Surface reflectance readings for treated and untreated concrete mixes.
Application of a treatment to any mix of concrete lowers the surface reflectance 
reading. Nitocote only lowers the reading by a small amount, but Wacker decreases 
the value by more than a quarter. After weathering, the Nitocote treated and 
untreated specimens have similar reflectance measurements, but the Wacker treated
BU bn bw
Concrete Mix and Treatment
O (weathered) 
I (unweathered)
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sample is still relatively low, although an increase over the unweathered samples 
may be observed.
Weathering has the effect of bleaching the untreated concrete; the surface reflectance 
number increases (i.e. is lighter) after weathering. Mixes B and C all have 
unweathered values approximately 5 units greater than their unweathered 
counterparts.
The lowering of the surface reflectance values upon treatment with Wacker OH may 
be explained by examining the scanning electron micrographs in section 5.7. It can be 
seen that there is a continuous layer of treatment covering the surface. This will 
inevitably have an effect upon the surface reflectance measurements. The Nitocote 
treated specimens do not, however, have much visible treatment.
5.5.2 Stone
The figures below indicate the surface reflectance values for the stone specimens.
Treatm ent and W eathering Regime
Figure 5.15 Results of surface reflectance assessment of the stone samples.
The two untreated sandstones have similar surface reflectance values, but the
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limestone is significantly higher. The application of any treatment decreases the 
surface reflectance value; more so in the case of the hydrophobic treatment.
On the hydrophobically treated stones, the freeze thaw (F) and salt crystallisation (X) 
weathering procedures have little effect on the surface reflectance value, but the 
saturated sulphur dioxide weathering regime (Y) significantly increases the value. 
On the consolidated stones, the crystallisation regime had little effect, but freeze 
thaw increased the surface reflectance value to greater than that of the untreated 
stone.
Surface reflectance measurements do not have any relationship with the efficacy of a 
surface treatment to repel water, nor with moisture. It is therefore impossible to 
measure the surface reflectance of a material about which nothing is known, and 
conclusively determine either the presence of a treatment, its efficacy or its moisture 
content.
Surface reflectance measurements may be useful in the monitoring of a structure, 
however. It can be seen in Figures 5.14 and 5.15 that, for a given concrete or stone 
and for certain treatments, a difference may be noted between the treated and 
untreated samples. Whilst it is impossible to directly determine the efficacy of the 
treatment, it should be possible to be able to measure the surface reflectance 
immediately prior to the application of a surface treatment, and again directly 
afterwards; the two extremes will then be known. The change back to the untreated 
state may then be monitored over time. Several factors will, of course, need to be 
kept constant, or at least acknowledged. Moisture content needs to be known at the 
time of test. Other influences on the reading will be biological growth, the 
‘bleaching’ effect, and efflorescence.
5.6 Electrical Resistivity
The following charts show the electrical resistivity results for the unweathered and 
weathered concrete specimens.
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Figure 5.16 Electrical resistivity curve for Mix A.
Figure 5.17 Electrical resistivity curve for Mix B.
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Figure 5.18 Electrical resistivity curve for Mix C.
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The results obtained on the concrete1 by and large follow the expected pattern. The 
untreated specimens generally exhibit a greater final reading than their treated 
counterparts. Treatment with Nitocote benefits the concrete most, distinctly lowering 
the measured value in comparison with the untreated specimen. This was expected; 
Nitocote is a hydrophobic material. Treating with Wacker has a mixed effect. On the 
unweathered Mixes A and B, the results are at least as high (i.e. bad) as the untreated 
specimen, if not worse. With Mix C, the unweathered Wacker OH (CWI) treated 
specimen starts off worse, but, due to the untreated specimen (CUI) displaying the 
typical shape of curve expected by that of an unprotected porous material (according 
to Gatz), has a significantly lower measured value after ninety minutes.
Mix A has the highest initial value, followed by Mix B, with C having the lowest 
initial value, corresponding to their moisture contents. This phenomenon is related to 
the water/cement ratio. Mix A, with the lowest water/cement ratio, has the highest 
moisture content and therefore the highest initial reading. Conversely, Mix C has the 
highest water/cement ratio, but the lowest moisture content and thus the lowest 
initial reading. Mix B is intermediate in all respects.
According to Gatz, a material with a good hydrophobic coating will display a 
measured value of lower than 300 arbitrary units after 90 minutes. Using this value 
as a benchmark, only a few of the specimens (BN weathered and CN weathered and 
unweathered) exhibited a ‘good’ hydrophobic effect. None of these were treated with 
Wacker OH, unsurprisingly, as it is a consolidant.
1 Note: Due to the small size of the stone specimens, it was not possible to use the electrical 
resistivity equipment in the laboratory assessment. The site investigations made use of the electrical 
resistivity equipment on stone, however. See section 6.4.
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Figure 5.19b. Untreated Mix A concrete. Medium magnification.
Scale = K)(.im
Figure 5.19c. Untreated Mix A concrete. High magnification.
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5.7 Scanning E le ct ro n M icroscopy
The following SEM work was carried out on a Hitachi 3200N variable vacuum 
machine.
5.7.1 Concrete
Figures 5.19 to 5.26 depict the micrographs obtained on the concrete Mix C samples 
which were either left untreated, or had been treated with the hydrophobic (Nitocote 
SN511) or consolidating (Wacker OH) treatment. The concrete was approximately 
300 days old at the time of testing.
Figure 5.19a. Untreated Mix A concrete. Low magnification.
Figure 5.19 shows the untreated concrete at a relatively low magnification. When 
compared with the Nitocote treated sample (Figure 5.20) at a low magnification, 
there is no obvious difference. At higher magnifications it is possible to see the 
treatment on the Nitocote treated specimen (Figures 5.21 - 5.23). It appears to have 
collected in the hollows and cracks. Upon solvent evaporation, the volume of 
treatment appears to have reduced, creating shrinkage cracks across the treatment. It
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Figure 5,20. Mix A concrete treated with Nitocote SN511. Low magnification.
Figure 5.21. Mix A concrete treated with Nitocote SN511. Medium magnification.
was difficult to detect the presence of any treatment, other than in the recesses, 
elsewhere on the specimen. It is possible that the treatment is covering the whole of 
the surface and that it is difficult to observe, except in places where it collected en 
masse. Figure 5.24 shows a specimen of Mix B concrete which had been treated 10 
months previous to the micrograph being taken. It is possible to see the treatment 
peeling away from the concrete. The bottom left corner appears to have no treatment
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Figure 5.22. Mix A concrete treated with Nitocote SN511. High magnification.
Figure 5.23. Mix A concrete treated with Nitocote SN511. High magnification.
left on the surface (it looks similar to Figure 5.19), whilst the top left hand area of the 
image appears to still have treatment over the surface. It is possible to see the bump 
on the surface are not as smooth as on the area to the bottom left of the image, but 
appear to be covered in a thin layer of treatment.
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Figure 5.24. Mix A concrete treated with Nitocote SN511. Very high magnification.
Figure 5.25. Mix A concrete treated with Wacker OH. Medium magnification.
Consolidating with Wacker OH, however, much more obviously covers the bulk of 
the surface with a relatively thick coating. When compared with the untreated 
specimen (Figure 5.19), none of the untreated features may be seen. The shape of the 
particles underneath the treatment may be seen, however. The thickness of the 
treatment is approximately 5 pm. Again, the cracks formed due to the evaporation of 
solvent may be observed. Figure 5.26 shows a Mix B concrete specimen 10 months 
after treatment, without subjection to any weathering.
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Figure 5.26. Mix A concrete treated with Wacker OH. High magnification.
The difference between the freshly treated and older treatment is vast. Whilst the new 
treatment thickly covers most of the surface, the treatment in Figure 5.26 has almost 
no visible treatment. It is possible to identify that the treatment is still present to 
some degree due to the existence of the strands in the top right quadrant of the image.
5.7.2 Stone
The micrographs below show the red sandstone samples as seen using the SEM.
Figure 5.27. Untreated red sandstone. Low magnification.
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Figure 5.28. Untreated red sandstone. Medium magnification.
Figure 5.29 Untreated red sandstone. High magnification.
The series of micrographs in Figure 5.27 to 5.30 show an untreated red sandstone 
specimen at increasing magnifications. It is possible to see the crystal structure in the 
centre of the images, surrounded by damaged crystals and loose lumps of stone. It is 
possible to see from Figure 5.31 that the Nitocote treated specimen looks similar to 
the untreated sample at a low magnification. When observed at a higher 
magnification (Figure 5.32), however, it is possible to see the individual crystals 
covered with a layer
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Figure 5.30. Untreated red sandstone. Very high magnification.
Figure 5.31. Red sandstone treated with Nitocote SN511. Low magnification.
of treatment. It is possible to see that the hard edges of the crystals are less defined 
than in Figure 5.29. The smaller crystals may also be seen to be completely covered 
by the treatment. On the left of the large crystal in the centre of the micrograph, a rip 
in the treatment allows an estimation of the thickness of the treatment. From the 
scale, the thickness is much less than 1pm, probably around 0.1pm. This is 
significantly thinner than the Wacker OH treatment.
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Figure 5.33a. Red Sandstone treated with Wacker OH. Low Magnification.
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Figure 5.32. Red sandstone treated with Nitocote SN511. High magnification.
Figure 5.33& Red sandstone treated with Wacker OH. Juki magnification.
As with the concrete sample, treating with Wacker OH covers the whole of the 
surface of the stone (Figure 5.33). The cracks created during the solvent evaporation 
may again be observed, permitting the treatment thickness to be estimated at less 
than 10pm.
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5.8 Sum m a ry
The suite of tests has shown that in the laboratory assessment, it can identify the 
presence of a treated specimen from an untreated specimen. The electrical resistivity 
and water absorption tests can additionally distinguish between hydrophobic and 
consolidating surface treatments. Pore size distribution and porosity measurements 
can be used to explain differences in water absorption between stone and concrete 
types. The more open the pore system, larger quantities of water may be absorbed. 
Measurements of moisture content may be used to give an indication of the level of 
saturation, and with the stone samples, could identify the presence of a hydrophobic 
treatment. Surface reflectance measurements cannot establish the efficacy of a 
treatment, but can, in some circumstances, differentiate between treated and 
untreated specimens.
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"In her soft wind I will whisper 
In her warm sun I will glistefl
'She Goes On ’ by Crowded House, taken from the album Woodface, 1991.
6  S i t e  A s s e s s m e n t
Several sites were visited to assess the ability o f the suite o f tests when used in the 
field. There now follows a short synopsis o f each o f the sites. A schematic diagram 
of each o f the sites and locations tested is given in Appendix C.
Furness Abbey
The Abbey, founded in 1124 by Stephen, later King o f England, was built by the 
Order o f Savigny from Normandy, later amalgamating with the Cistercian Monks, 
from Red St Bees stone. This is a fine grained micaceous sandstone which reputedly 
has a high pollution and weathering resistance. The Abbey became a victim o f the 
Dissolution, after which it was left to decay in its secluded Cumbrian valley.
Photograph 6.4 The sedilia in the presbytery of Furness Abbey.
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The area tested was the sedilia, in the (roofless) presbytery. Unusual in that it was 
constructed from stone, the sedilia comprises seven bays, four o f which are seats. 
Each has an intricately carved canopy. These canopies permit the stone below to be 
partially protected from the elements. The treatment records are incomplete, but it 
appears that the top layer o f stones in the sedilia were treated in 1983 with Brethane
When the abbey was visited in mid April, it had been raining, on and off, for three or 
four days before testing, and continued to do so throughout the test period o f two 
days. The sedilia was not exposed to direct rain, but the 2 metre thick wall was 
subjected to direct rain on the other side.
Kenilworth Castle
Photograph 6.1 Kenilworth Castle keep, Kenilworth, Warwickshire.
Kenilworth Castle is situated on the outskirts o f the rural town o f Kenilworth in 
Warwickshire. The castle was constructed from a local red sandstone in the 12th 
Century. Tests were carried out on the castle’s keep. An area on the wall o f the
Page 104
Chapter 6. Site Assessment
structure had been previously treated with different proprietary materials in 1984 by 
English Heritage (see Photograph 6.1). The treatments were Wacker OH (see section 
3.4.1), a consolidant, and Brethane, a hydrophobe developed and used by BRE, 
Price 1981.
The castle was visited in mid July. The weather preceding testing was hot and dry, 
and had been for more than a week beforehand.
King Charles I Statue
The statue o f King Charles I, which stands at the top o f Whitehall, adjacent to 
Trafalgar Square, was sculpted by Hubert le Sueur and cast in 1630. The bronze 
statue stands on a plinth o f Portland Stone, believed to be original, and is subjected 
to a large amount o f vehicular pollution (Photograph 6.2). The plinth was first 
treated in 1968 by John Ashurst o f English Heritage, and, although records are 
sketchy, the treatment was probably not present after conservation work carried out 
in 1976, in which air abrasion techniques using white aluminium oxide were used. 
The plinth was subsequently impregnated under pressure with Rhone-Poulenc 
54.802, a high density silicone resin similar chemically to Brethane.
Photograph 6.2 King Charles I Statue, Trafalgar Square.
During the time o f testing, the bronze statue was undergoing minor repairs in situ, 
and a covering had been erected around the whole structure to protect it from the
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elements. This had been in place for at least three weeks prior to testing. The site 
was visited in late October, when it was raining and generally damp.
Royal Artillery Memorial
To commemorate the dead o f the two World Wars, the Royal Artillery Memorial 
was constructed. Unveiled in 1925 by the Duke o f Connaught, it is a large Portland 
Stone pedestal, topped by a replica o f a howitzer, with relief carvings on its four 
sides. The Memorial is located at Hyde Park Comer, adjacent to the road, in the 
gyratory separating Hyde Park and Buckingham Palace, and is thus subjected to a 
high degree o f pollution. The Memorial was repaired in 1985, after which the lower 
sections were subsequently treated with Brethane.
Photograph 6.3 The Royal Artillery Memorial, viewed with 
Hyde Park corner on the right hand side.
The Memorial was visited in early November, on a crisp, sunny, dry day. The 
weather had been similar for the preceding four days.
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6.1 W at er A bsorption
The following charts give the water absorption values using the Karsten Tube on
Furness Abbey, Kenilworth Castle and the Royal Artillery Memorial
a. Absorption for selected untreated and b. Absorption values for Brethane and
Brethanc treated zones. Wacker treated zones.
Kenilworth Castle
Time (minutes)
Royal Artillery Memorial
Time (minutes)
c. Absorption values on untreated and Brethane treated areas.
Figure 6.1 Modified histogram charts depicting the water absorption values for three sites.
The results from the treated areas o f Kenilworth Castle and the plinth o f the King 
Charles I produced discemibly different absorption values from the untreated areas. 
The Brethane treated zone on Kenilworth Castle absorbs 80% less water than the 
untreated area, and the Wacker treated area 40% less. The application o f Brethane to
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the Royal Artillery Memorial has reduced water absorption by up to 85%. Almost no 
water is absorbed at Furness Abbey. Both treated and untreated areas have similar 
absorption values between 0.1 and 0.2ml.
From the results obtained, it has been shown that it is possible to determine whether 
a surface treatment is still effective. The Brethane treated area on Kenilworth Castle 
can be seen to be still effective at repelling water, as can location IB on the Royal 
Artillery Memorial. Location 2B on the Royal Artillery Memorial may be seen to be 
partially effective. The Wacker treated zone on Kenilworth Castle may have a small 
influence on the water absorption, but it is so small, it may be considered as 
negligible. Furness Abbey is an example of the need to assess a site under controlled 
conditions, or at least when the conditions are within certain limits; the moisture 
content was so high at the time of test that no more water could enter, and so both 
the untreated and treated zones have the same water absorption.
Measurement of water absorption in the field is simple using the Karsten Tube, and 
is able to give some very good results. It is possible to determine the efficacy of a 
treatment using the water absorption technique.
The ability of the Karsten Tube, or any water absorption technique for that matter, to 
distinguish between untreated and treated zones of a surface is dependent upon the 
moisture content of that surface. If it is too high, erroneous readings are obtained. It 
is of vital importance to know the moisture content of the surface under test. This 
can be done by using the moisture meter, or by using the initial value from the 
electrical resistivity test.
Summary
The Karsten Tube is a very simple piece of equipment to use on site. Easy to set up 
and operate, it is low technology at its best. Given good surface conditions, and 
being aware of certain limitations, the Karsten Tube is a very good technique to 
identify, not only the presence of a treatment, but also the susceptibility of a porous 
building material to the ingress of water.
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6.2 M oisture C o n t e n t
The charts below gives the results from the moisture content tests from Kenilworth 
Castle and Furness Abbey.
Kenilworth Castle
Treatment
Furness Abbey
Location and Treatment
a. Moisture content of treated (Brethane and b. Moisture content of untreated and
Wacker) and untreated zones. Brethane treated areas.
Figure 6.2 Moisture contents of Kenilworth Castle and Furness Abbey 
determined using the M49 meter.
The moisture content for each site is not too dissimilar across all locations, treated or 
untreated, although different for each site. Kenilworth Castle had a moisture content 
of about 8-10%, compared with 15-18% for Furness Abbey. There is no trend 
linking the untreated and treated zones, thus does not indicate the efficacy o f a 
treatment.
What the moisture meter does indicate, however, is the general level o f wetness o f a 
structure. Kenilworth Castle was relatively dry at the time o f testing - a hot, dry 
period in the middle o f summer, whereas Furness Abbey was tested on a wet day in 
mid April. This has a great influence on the water absorption expected. A case in 
point are the results from Furness Abbey (see section 6 .1).
The level o f moisture content is dependent upon the porosity and permeabiltiy o f the 
material. It is important, therefore, to know the type o f material which is being
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measured, so that the expected level o f results from other test techniques may be 
known beforehand.
Summary
The level o f moisture in a structure plays an important role in the determination of 
other factors such as water absorption, electrical resistivity and surface reflectance, 
and thus the measurement o f moisture content is required for the correct assessment 
o f the efficacy o f a treatment.
The M49 moisture meter is ideal for use on site. It is small, lightweight and rugged, 
and can provide the moisture content o f the surface within seconds.
6.3 Surface R eflectance
The chart below shows the surface reflectance measurements from Furness Abbey 
and the Royal Artillery Memorial.
Furness Abbey
Location and Treatment
Royal Artillery Memorial
Location and Treatment
a. Surface reflectance measurements taken on b. Surface reflectance measurements on 
untreated and Brethane treated areas untreated and Brethane treated areas.
Figure 6.3 Surface reflectance measurements on Furness Abbey 
and the Royal Artillery Memorial.
The surface reflectance measurements at Furness Abbey show a decrease in value 
after treatment with Brethane. Both untreated areas have readings in the region o f 11 
units, in comparison with less than 6 for the treated zones. The measurements taken
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at the Royal Artillery Memorial, however, do not indicate any consistent difference 
between treated and untreated areas.
The reason for this variability in ability, or otherwise, to identify a treatment could 
be one o f several. It may be due to the stone type to which the treatment is applied, 
or it may be due to the surface having experienced different weathering, such as UV 
radiation, precipitation or thermal extremes.
As a surface becomes increasingly weathered, its characteristics alter, and so surface 
reflectometers may be used to monitor this change, see section 5 .5.
Summary
Whilst the surface reflectometer is able to distinguish between treated and untreated 
surfaces on some occasions, it is unable to do so at other times. Reflectance 
measurements, therefore, cannot be guaranteed to give a conclusive answer on the 
state o f a surface when used alone. A possible use for the technique, however, is in 
the monitoring o f a structure.
6.4 E lectrical R esistivty
The following chart shows the results from the electrical resistivity test performed on 
King Charles Statue and Royal Artillery Memorial.
Royal Artillery Memorial.
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The results from the Royal Artillery Memorial indicate that it is possible, on site, to 
identify the presence of a treatment. The untreated line is about 30% greater than the 
treated curve. The expected curve for the treated zone is not as low as could be 
expected, i.e. not below 300 units. Both the two plots for the Royal Artillery 
Memorial start at roughly the same value, indicating a similar level of moisture. This 
was confirmed by the measurements of moisture at locations 1 and 3 had 8-10% 
moisture content.
The curve from King Charles I indicates the presence of a treatment - the final 
reading is below the 300 units stipulated by Gatz. Unfortunately there was no 
untreated zone to compare it with. The low initial reading indicates a low moisture 
content, confirmed by the moisture meter figure of 5%.
The electrical resistivity equipment was used at Furness Abbey, but becasue the 
surface was so damp, the readings went off the scale immediately.
Sum m ary
Electrical resistivity may be used on site to determine the level of hydrophobicity of 
a surface, and additionally to give an indication of the moisture content. Certain 
surface conditions must be met before testing can take place, however. If the surface 
is too damp, the equipment will go off the scale immediately. Ideally the surface 
needs to be as dry as possible, and preferably protected from the elements for several 
days before testing commences to allow moisture levels to stabilise.
6 .5  P o r e  S i z e  D i s t r i b u t i o n  &  P o r o s i t y
The only location from which cores were permitted to be taken was Kenilworth 
Castle. The following chart shows the results of the pore size distribution obtained 
using the Micromeritics Autopore 9220II.
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Figure 6.5 Pore size distribution of the untreated and treated samples 
from Kenilworth Castle.
The porosity of the untreated stone, as determined by the Micromeritcs Accupyc 
1330, was determined to be 25.2%. Treatment can be seen to shift the distribution of 
pores to those which are smaller. In the lO.Opm-plus range, the untreated stone has a 
large number of pores. When the sample is treated, however, the intrusion volume of 
mercury in this range decreases, but may seen to be increased in the 1.0-5.0pm and 
5.0- 10.0pm ranges, indicating that the pores are being blocked. Brethane is marketed 
as a consolidant, and so this phenomena is not unexpected.
Summary
Whilst it can be possible to identify the presence of a treatment using pore size 
distribution, it is not possible to determine its efficacy. Problems will also occur if it 
is impossible to obtain an untreated sample with which the treated stones’ 
distribution may be compared. The evaluation of the pore size distribution also 
requires the removal of a core form the structure, which in practice cannot be 
allowed.
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6 .6  Su m m a r y
The suite of tests may be used successfully on site to determine the efficacy of a 
surface treatment. Both water absorption and electrical resistivity measurements may 
be used to determine the presence and efficacy of a surface treatment. The moisture 
content of a structure has an influence on the results from other techniques such as 
water absorption and electrical resistivity, and is thus a useful aid in the assessment 
of a structure. Measurement of the pore size distribution, although useful in 
qualifying changes in the results from other techniques, such as water absorption, is 
limited in its practicability; cores from both treated and untreated areas would be 
required.
It is imperative to ensure that on site conditions are within certain parameters. If the 
structure is outside any of these limits, it is likely that an erroneous interpretation of 
the results will be made.
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“We think because w e have words, not the other w ay around. The 
more words we have, the better we are able to think conceptually”
Madelaine L ’Engle, Walking on Water: Reflections on Faith and Art, 1980
Water absorption measurements using the Karsten Tube in the laboratory may be 
taken quickly and easily. The untreated samples’ water absorption values are 
dependent upon their porosity and pore size distribution. When treated, however, all 
the values are very similar; in the region of <0.2ml for all materials. The treatment 
may have a greater effect on the more permeable materials, such as the Ruthener 
sandstone, but the end result is the same all round, with negligible quantities of water 
being absorbed.
Differences observed in treated stone and concrete water absorption values across all 
types may be due to variation in the moisture condition of the stone when treated. 
The Ruthener sandstone may have been damper than the other stones, when treated, 
and so there would have been more moisture with which the hydrolysis reaction may 
proceed. Another possible reason is that, because the stone is more porous, greater 
quantities of treatment will be absorbed.
D i s c u s s i o n
7 .1  L a b o r a t o r y
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It can be seen from Figure 5.10 that the untreated Mix A sample, in both 
unweathered and weathered states (AUI and AUO), has a similar water absorption 
value as the equivalent treated specimens. That is, it is just as effective at repelling 
water. This is due to the low water/cement ratio of the mix, which gives a low 
permeability (see Section 2.1.1).
An important point to be made is that all the concrete mixes had a high moisture 
content. These high readings may be due to inaccuracies in the measurement method; 
if there is a high salt content in the concrete (which leads to a high dielectric 
constant), or if the aggregate has a high dielectric constant, this may give an over 
estimate of the true value. When compared with the stone specimens, the moisture 
content seems high, and especially so if compared with the readings obtained from 
Furness Abbey, whose stone walls were considered to be verging on saturated, but 
had similar moisture content readings of 17-20%.
The high moisture content may also be explained by relating to the pore size 
distribution charts shown in Figures 5.1 to 5.7. The concrete specimens have many 
small pores and so capillarity would tend to resist the evaporation of any water in the 
pores. This would also explain why Mix A has an increased moisture content in 
comparison with Mix C. The stone samples, on the other hand, have a much more 
open pore system, and so water may evaporate more easily.
Electrical resistivity measurements may be used to gain information on the moisture 
content of a material. The initial readings give an indication of the substrates’ level of 
saturation (see Section 2.5.3), as may be seen in Figures 5.16 to 5.18. Mix A has the 
highest moisture content and the highest initial electrical resistivity reading. Mix C is 
the opposite, with lower moisture content and lower initial readings from the 
electrical resistivity measurements.
The surface reflectance method cannot be used to conclusively identify the presence 
or efficacy of a treatment. If an engineer were to approach a structure about which
P age 116
Chapter 7. Discussion
nothing were known, i.e. whether it had been treated, what with, or the treatments 
age, then it would be impossible to utilise the surface reflectance technique to 
elucidate this information. For example, if one was to look at the results from Figures 
5.14, it is possible to note that the weathered Wacker treated Mix C has the same 
value of 35 units as all of the unweathered untreated and unweathered Nitocote 
treated specimens.
One important factor to be aware of is that, whilst stone remains the same in its 
chemical and physical composition and nature over long periods of time, concrete is 
a dynamic material. In general, as the concrete gets older, porosity and permeability 
decrease and strength increase (although surface layers may or may not change due 
to interaction with the environment). This has profound repercussions for the way in 
which the concrete interacts with its environment. For example, the porosity 
measurements show a decrease in porosity over the six months of weathering (see 
Figure 5.8).
A parameter which is directly affected by this decrease in porosity is the electrical 
resistivity measurements. The initial measured value of the specimens decreases with 
porosity, which concurs with the work of Rengaswamy et al. The decrease of 
measured value between the high and the low water/cement ratio mixes, both when 
unweathered and weathered also follows the same trend.
Another parameter which is affected, not disadvantageously, is the rate of water 
absorption. The decrease in porosity, both over time and from mixes C to A, allows 
the concrete to become decreasingly permeable to water.
Scanning electron microscopy may be used to detect the presence of a pore-lining 
surface treatment, such as those investigated. Consolidating treatments such as 
Wacker OH may be observed easily, but the hydrophobic material was more difficult 
to detect.
P age 117
Chapter 7. Discussion
7 .2  S i t e
One of the more obvious points which arose from the investigations on site is that it 
is crucially important to perform the tests on a structure when the weather conditions 
over the preceding few days have been suitable. If the weather is and/or has been wet 
(i.e. rain, heavy dew, etc.), the moisture conditions within the structure will be 
greatly increased. Under these conditions, it is impossible to correlate test results 
with the state of any surface treatment present of the surface, or indeed it may be 
impossible to take readings. For example, such a case could be when the temperature 
is sub-zero at the time of testing, when the water in the Karsten Tube will freeze, as 
would the electrolyte in the electrical resistivity test, if sufficiently cold.
Problems in the erroneous interpretation of results may occur if the moisture content 
of the structure is ignored. The low water absorption results obtained from Furness 
Abbey on first examination indicate that, not only is a treatment present, but it is still 
effective. This may well be the case, but if the results from other test techniques are 
examined in conjunction, a different story is told. The moisture content of the 
structure, according to the M49 moisture meter, is approximately 18%, which is 
approaching the point of saturation. This, then, precludes the absorption of more 
water. So, whilst the water absorption results indicate the presence of an effective 
treatment, this may not necessarily be true. The use of single experimental techniques 
camiot be guaranteed to give a true interpretation of the situation; the results can give 
a false impression. Thus the use of a suite of tests in the assessment of the efficacy of 
a surface treatment is highly important. A number of tests must be used in 
conjunction with one another to enable a coherent and conclusive evaluation under 
controlled test conditions.
The moisture content affects the electrical resistivity readings (see Section 2.5.3) and 
the surface reflectance readings (see Section 2.5.4). This must be taken into account 
when analysing the results.
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It is important to obtain results from many different sections of a structure to 
ensure an understanding of the overall treatment efficacy is achieved. If a structure 
has been subjected to a greater extent of weathering on only one face, it may be that 
this side becomes less effective than the other faces. Intelligent testing will reveal 
this, and enable the engineer to recommend that perhaps re-treatment of certain parts 
only of the structure is required.
7 .3  O v e r a l l
Through the attempts to find a suitable technique to evaluate the consolidation effect
of a treatment, the following assumption must be made; it is impossible, in practice, 
confidently
to^evaluate without using a fully or partially destructive method, however minimal 
the damage may be. This is because the depth of penetration of the treatment is 
relatively small, only a matter of 40mm or less. All totally non-destructive methods 
investigated, such as the PUNDIT and the Sclunidt Hammer, used the bulk properties 
of the material to assess any improvement in consolidation effects. The percentage 
volume actually penetrated by the treatment is therefore small in comparison with the 
zone under test, and so any change in properties due to the treatment are so small as 
to be immeasurable with the non-destructive techniques used. To be able to detect 
any gain in strength, or other desirable property, thus requires a technique to be able 
to measure this property in the few millimetres near the surface.
It is important to note that a suite of tests is required to assess the efficacy of a 
surface treatment. As seen with the water absorption tests at Furness Abbey, it is 
dangerous to come to a conclusion about the condition of a treatment on the basis of 
just one set of results. The results from a whole host of techniques must therefore be 
taken note of before a considered conclusion may be made. It is also important to use 
the suite of tests on a wide area of the structure.
Water absorption tests using the Karsten Tube have their limitations. The scale on the 
tube is graduated in 0.1ml markings, and therefore readings of less than about 0.2ml 
or so over a period of an hour are very close to the resolution of the scale. For
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example, the RHI Ruthener sandstone absorbed an average of 0.15ml in an hour 
compared with an average of 0.03ml for the RHF stone. The difference between the 
two is only just over 0.1ml, the same as the scale resolution. It is suggested that, to 
overcome this problem and to be able to detect small changes in treatment efficacy, 
the area in contact with the surface could be increased from the current standard 
270mm to 500mm . This would mean that roughly double the quantity of water 
would be absorbed over a period of an hour, making the differences between treated 
and untreated areas more apparent. To enable the evaluation of low porosity, low 
permeability surfaces, such as high quality concrete and limestones, it may be 
desirable to increase the surface area even further to, say, 1000mm . On the other 
hand, if highly porous building materials, such as brickwork, are being assessed, it 
may be necessary to actually reduce the contact area. Further work needs to be 
performed to determine suitable contact areas for different materials. It should be
noted that according to BS 1881, the size of cap required for the IS AT method is
2  4 
5000mm . In addition to altering the contact area solely for the purpose of increasing
the resolution of the results, it may also be beneficial, where time is a constraining
factor, to increase it for the purpose of reducing the time it takes to complete a test.
Changing the surface contact area may pose a problem, however. If the increase in 
tube size and water volume thus contained becomes excessive, the clay used to 
adhere the tube to the face may not be capable of supporting such a weight. The tube 
would then need to be supported in an alternative manner, which could lead to 
difficulties such as those experienced with the IS AT and Autoclam methods. This 
would then limit the benefits the Karsten Tube has over the other techniques.
Ideally, all information concerning a structure would be available to an engineer. He 
needs to know parameters of the structure under test, such as porosity, permeability, 
the age of a concrete, the area from which a stone was quarried, treatment age and 
type, and so on. Unfortunately the world is not ideal, and the engineer may have no 
information available on the building material and treatment material at all. Visual 
inspection can usually yield the general type of stone, or, from the location within a 
structure, the probable mix design of a concrete member.
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There is a need, therefore, to be able to quantify typical results expected from each of 
the tests comprising the suite on different materials and under different prevailing 
conditions and for numerous material types. Results expected from untreated, freshly 
treated and treatment in various stages of decay need to be evaluated and published 
in a suitable format to enable the rapid analysis of results.
It should be noted that, no matter what the water absorption value is for an untreated 
specimen, be it high as with the Ruthener sandstone, or low, as with the Mix A 
concrete, after an effective treatment water absorption is almost totally eliminated.
This (phenomenon occurs irrespective of pore size distribution. The efficacy 
of surface treatments used is therefore independent of the substrate 
material. In the case of low permeability materials, such
as Mix A, the benefit of treating with a surface treatment to protect against ingress of 
water may be brought into question. The decrease in the quantity of water absorbed 
after treatment of the Mix A is minimal. There will be a critical permeability of a 
material below which it is futile to apply a surface treatment, and above which a 
benefit may be observed.
Weathering of the materials has very little effect on the water absorption values. This 
is probably due to the very short weathering times experienced. The concrete 
specimens were weathered for only six months. This, in comparison with the 10-25 
year lifetime expected of the treatments, is negligible. The artificial weathering 
techniques employed on the stones are accelerated in comparison with natural 
weathering rates, and so it is difficult to estimate the timespan of weathering, in real 
terms, although it cannot be much greater than a few years. Even at this age, the 
treatment should still remain effective. To enable a greater understanding of the way 
in which the results from the suite of tests vary with the effects of weathering on the 
treatment, a much longer period is required.
Whilst the moisture meter can differentiate between different materials (section 5.4), 
it cannot differentiate between untreated, treated or weathered with any consistency.
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This is not the reason which moisture content evaluation was included in the suite of 
tests, however. It was included to determine the level of saturation of a specimen, and 
thereby to enable a more accurate analysis of the Karsten Tube and electrical 
resistivity results.
From the scanning electron micrographs, it is possible to see the relatively thick layer 
of Wacker OH over the surface. This may have an effect upon the moisture levels 
within the material. The coating, whilst allegedly water-vapour permeable (see 
Section 2.3.2), may be only to a certain extent. This would then permit a build up of 
moisture behind the film.
It has been shown that surface reflectance measurements may not be used in the
laboratory nor on site to identify the presence of a surface treatment with any degree
of certainty. This is due to the influence of a number of factors, such as biological
growth, surface discolouration, etc. What surface reflectance measurements may be
useful for, however, is the monitoring of a structure. If the surface reflectance
measurement were to be taken (under strictly controlled conditions) immediately
before application of a treatment, and again immediately after, the two extreme
values are then known. This then allows the monitoring of the degradation of the
equivalent
treatment from fully treated to an^ untreated state. It is important to be wary of other 
factors which may influence the surface reflectance measurement, such as the 
bleaching effect observed in the first few months of being exposed to the elements, 
from biological growth and so on.
Electrical resistivity measurements 011 the surface reveal that the technique can 
identify differences between treated and untreated surfaces. In the laboratory, 
differences may be observed between treatment types. The large majority of 
laboratory readings started off with an initial value of greater than the 300 arbitrary 
unit maximum recommended by Gatz for an effective treatment. This either means 
that all the treatments are ineffective, that the moisture content is too high at the time 
of testing, or that Gatz made an incorrect assumption. The water absorption readings 
indicate that the treatment is effective, however. The moisture content readings are
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high, although since the reading is roughly 2.2 times plus 3.85 the true value, the 
moisture content of the concrete may therefore be taken as approximately 11%, 
which is perfectly within acceptable tolerances. On site, similar electrical resistivity 
results are obtained. The readings taken from the King Charles I statue are well 
below the 300 unit limit throughout the duration of the test, although the Royal 
Artillery Memorial has initial values of greater than 300 unit. The true moisture 
content of both was between 6% and 9%.
The acceptable maximum recommended electrical resistivity value probably varies 
from material to material. For example, it has been shown (see Section 2.5.3) that the 
electrical resistivity readings are dependent upon many factors, such as porosity and 
moisture content. The pore size distribution affects both of these parameters.
The use of pore size distribution and porosity measurements have enabled a better 
understanding of the reasons why certain materials give particular results from the 
suite of techniques used in the laboratory. It can be seen from Figure 5.10 that the 
different untreated concrete mixes all possess different capacities to absorb water. 
This result may be explained by referring to the pore size distributions shown in 
Figures 7.1. Since the penetration depth of the surface treatments on concrete is of 
the order of 2 or 3 mm, and the sample thickness was approximately 10mm, all three 
treated and untreated specimens were averaged to obtain the distribution shown in 
Figure 7.1. To accentuate the differences, Mixes A and C are compared.
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Figure 7.1 Pore size distribution chart for untreated concrete.
As can be seen. Mix C is the most porous, and Mix A is the least porous. Mix A has 
a much smaller number of intermediate and small pores in comparison with Mix C. 
This variation is the cause of the differences observed in the water absorption values 
for the untreated samples. It is important to note that pore size distribution is a 
significant factor in the determination of how absorbent a material is to water. The 
greater the proportion of large pores, the greater the materials’ capability to absorb 
water. Comparing Figures 7.1 and 7.2, it can be seen that the bulk of the pores in the 
concrete are less than 0.1pm, compared with the stones which, although it varies 
from stone to stone, the largest proportion of pores are greater than 1.0pm.
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Figure 7.2 Pore size distribution chart for untreated stone.
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Whilst the porosities of Mix A and the limestone are very similar, their pore size 
distributions are very different. The majority of pores in Mix A are less than 0.1pm, 
whereas the majority of pores in the limestone are in the region of 0.1 to 5.0pm. This 
has a great influence on their water absorption. Mix A only absorbs 0.16ml of water 
over a period of an hour, compared with 0.3 5mi for the limestone. This doubling of 
ability to absorb water is attributable to the differences in pore size distribution. The 
very large proportion of pores in the 10-50 pm range explain why the Ruthener 
sandstone has such a large water absorption value.
Scanning electron microscopy may be used effectively in the observation of a surface 
treatment. Figures 5.19 to 5.33 conclusively show that the presence of a treatment on 
a well treated specimen may be observed. The pores in the 5.0-10.0pm and 10-50pm 
ranges on both substrates could not be seen under the SEM, probably due to the fact 
that the surface was rough, and so it would be only a section of the surface of the 
larger pores which could be observed. This would blend in easily with the rest of the 
surface.
It should be noted that, whilst the images show that the presence of a treatment may 
be observed, it was not easy obtaining the images of the Nitocote SN511 treated 
specimens, both on the stone and concrete substrates. The treatment on concrete 
samples were especially difficult to detect; most of the surface appeared to be 
untreated. It was only after some time that any area which was treated could be 
found, and even then the treated area was apparently minimal. The Nitocote was 
easier to find on the Ebenheider sandstone than on the concrete specimens, although 
it was still not as obvious as the Wacker OH treatment. This problem has been 
experienced before, EC Report.
7 .4  S u m m a r y
The suite of tests available for the site investigations, i.e. electrical resistivity, 
moisture content, water absorption and surface reflectance, together fulfil the 
requirements of being portable, non-destructive and easy to operate. The electrical
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resistivity and water absorption techniques are additionally able to fulfil the 
requirement of being able to identify the presence of a treatment independently. The 
moisture content and surface reflectance measuring equipment should be retained in 
the suite of tests to enable a more confident analysis of the results obtained from the 
former methods, although they are independently unable to distinguish between 
treated and untreated surfaces.
The suite of tests, when used in conjunction with one another, may be applied 
successfully to a structure to evaluate the efficacy of a treatment. Since all the 
methods complement one another, it is crucial to be able to understand the inter­
relationship to permit the confident analysis of a surface.
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Chapter 8. Conclusions
8 .  C o n c l u s i o n s
The following conclusions may be made;
$ from the initial assessment of the test methods currently available, the 
electrical resistivity, water absorption, moisture content, and surface 
reflectance test techniques were included in a suite of tests to identify the 
presence of a pore lining surface treatment.
* the suite of tests may be employed in the assessment of the condition of a 
pore lining surface treatment.
♦ electrical resistivity measurements showed that the technique could 
differentiate between untreated and treated surfaces and, in the laboratory, 
between treatment types. The efficacy of a hydrophobic treatment can be 
identified.
♦ water absorption experiments showed differences between treated and 
untreated surfaces, although differences between treatment types were 
difficult to identify.
❖ moisture content measurements were found to correlate well with the 
water absorption and initial electrical resistivity values.
Page 127
Chapter 8. Conclusions
♦ whilst surface reflectance could identify the presence of a treatment in the 
laboratory, this was not possible on site. The technique may be used to 
monitor the decay of a surface treatment on site, however.
♦ the conditions of the substrate under test must be within certain parameters 
during the test period, otherwise erroneous conclusions may be deduced 
from the results.
4 Although no test could be found to identify the strengthening effect of a 
consolidating treatment, its presence could be established from the water 
absorption and electrical resistivity results.
♦ Pore size distribution measurements showed a correlation between pore 
size and water absorption. For a given porosity, as the average pore size 
increases, the water absorption increases.
♦ An increase in porosity also increases the water absorption.
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9 .  R e c o m m e n d a t i o n s
From the work performed, the following recommendations may be made.
To enable an accurate and conclusive assessment of a surface, there is a need to carry 
out research to identify the inter-relationship of all the following parameters;
❖ the treatment material
❖ the method of treatment
❖ the substrate material
❖ the substrate conditions at time of treatment application
❖ the substrate conditions at time of test (and the effect of season thereon)
All of the above parameters will have an influence on the values measured using the 
suite of tests. The values expected from each of the techniques under the various 
conditions listed above need to be established to enable a confident analysis.
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Other factors influence the values obtained from the electrical resistivity test, and 
these need to be established. Any material present in the substrate under test which 
can act as an electrolyte, such as salts from road de-icing, will influence the readings 
obtained. It is therefore important to establish which substances are present in which 
materials, and the effect on the measurements they have in both dry and damp 
conditions.
Limits to on site parameters such as moisture content, salt content, or extent of 
biological growth, need to be set to ensure that all tests are carried out under the same 
conditions.
There is potential to improve the water absorption apparatus. Whilst the equipment 
can currently identify differences between treated and untreated surfaces, the 
precision has capacity to be increased. The readings of less than 0.5ml for the 
concrete and treated stone are nearing the resolution of the equipment. It would be 
beneficial to be able to increase the resolution on substrates such as these, by either 
decreasing the diameter of the tube and/or increasing the area in contact with the test 
surface. Conversely, for much more porous materials, such as brick, it is possible to 
decrease the resolution by increasing the tube diameter and/or decreasing the contact 
area. A problem which could be incurred by increasing the size of the tube as a whole 
is that the combined weight of the tube and water may then be too great to support 
with the clay. This then poses problems of apparatus support, as experienced with the 
ISAT.
In the Discussion, it was mentioned that surface reflectance measurements may be 
used to observe the decay of a surface treatment from freshly treated through to 
ineffective. Trial tests need to be carried out to establish whether this technique will 
be successful.
P age 130
“Quote"
Quoter o f  quote.
Chapter 10. References
1 0 .  R e f e r e n c e s
Ackroyd TNW (1962), Concrete Properties and Manufacture, Pergamon Press.
Andrade C, Alonso C, Goni S (1993), Possibilities for Electrical Resistivity to 
Universally Characterise Mass Transport Processes in Concrete, Concrete 2000, 
ppl639-1652.
ASTM C597-83 (1983), Recommendations for non-destructive methods for testing 
concrete. Measurement o f  the velocity o f  ultrasonic pulses in concrete, American 
Society for Testing and Materials.
ASTM D3633-88 (1990), Standard Test Method for Electrical Resistivity o f  
Membrane Pavement Systems, American Society for Testing and Materials.
Basheer L, Cleland DJ, Basheer M and Long AE (1993), An In-Situ Method for 
Assessing Surface Treated Concrete, Concrete 2000, University of Dundee, E&FN Spon.
Batis G, Aidini A, Louvaris J and Nicolaides A (1993), Reinforcement Corrosion 
in Pumice Lightweight Concrete, Concrete 2000,University of Dundee, E&FN Spon.
Benson TB, McDonald PJ, Mulheron M and Nwaubani SO, The use o f  broad line 
gradient echo magnetic resonance imaging techniques in assessing the uptake o f  
surface treatments and water movement through stone faces. In preparation.
BlCZOK I (1972), Concrete Corrosion, Concrete Protection, Akademiai Kiado, 
Budapest.
P age 131
Chapter 10. References
Black S, Lane DM, McDonald PJ, Hannant DJ, Muli-ieron M, Hunter G and 
Jones MR (1995), The visualisation o f  the ingress ofpolymer treatment coatings into 
porous building materials by stray field magnetic resonance imaging, Journal of 
Materials Science Letters, Vol 14, ppl 175-1177.
Blight GE (1991), A Study o f  Four Waterproofing Systems for Concrete, Magazine 
of Concrete Research, Vol 43, No. 156, September, ppl97-203.
Bohris AJ, McDonald PJ and Mulheron M (1996), The Visualisation o f  Water 
Transport through Hydrophobic Polymer Coatings Applied to Building Sandstones 
by Broad Line Magnetic Resonance Imaging, Journal of Materials Science Letters, 
Vol. 31, Issue 22, pp5859-5864.
Bridgman HA (1990), Global Air Pollution: Problems for the 1990’s, Belhaven 
Press, London.
Brophy JH, Rose RM, Wulff J (1967), The Structure and Properties o f  Materials, 
Volume II - Thermodynamics o f  Structure, Wiley, United States.
BS 1881: Part 5 (1970), Testing Concrete - Methods o f  Testing Hardened Concrete 
for  Other than Strength, British Standards Institute..
BS 1881: Part 201 (1986), Testing Concrete - A Guide to Equipment for Testing 
Concrete in Structures, British Standards Institute e _
BS 1881: Part 203 (1986), Recommendations for non-destructive methods for  
testing concrete. Measurement o f  the velocity o f  ultrasonic pulses in concrete, British 
Standards Institute.
BS 3900: Part D5 (1980), Measurement o f  specular gloss o f  non-metallic paint films 
at 20 ° 60° and 85 °f British Standards Institute.
BS 6161: Part 12 (1987), Anodic oxidation coatings on aluminium and its alloys; 
Measurement o f  specular reflectance and specular gloss at angles o f  20°, 45°, 60° and 
85 ° British Standards Institute.
Cabrera JG, Dodd TAH and Nwaubani SO (1993), The Effect o f  Curing 
Temperature on the Chloride Ion Diffusion o f  Superplasticised Cement and Fly Ash 
Cement Pastes, International Symposium on ‘How to Produce Durable Concrete in 
Hot Climates’, Puerto Rico, SP 139-4, pp61-76.
Cady PD (1977), Corrosion o f  Reinforcing Steel in Concrete - A General Overview 
o f  the Problem, Chloride Corrosion of Steel in Concrete, ASTM STP 629, Tonini 
SW and Dean SW, Jr., Eds., American Society for Testing and Materials, pp3-l 1.
Cather R, Figg JM, Maarsden AF and O’Brien TP (1984), Improvements to Figg 
method for determining the air permeability o f  concrete, Magazine of Concrete 
Research, Vol. 36, No. 129, December, pp. 241-245.
P age 132
Chapter 10. References
Charola AE and Koestler RJ (1986), Scanning Electron Microscopy in the 
Evaluation o f  Consolidation Treatments for Stone, Scanning Electron Microscopy, 
1986/11, pp479-484.
CIRIA Technical Note 143 (1992), Testing Concrete in Structures - A Guide to 
Equipment for Testing Concrete in Structures, CIRIA, London.
Clarke BL and Ashurst J (1972), Stone Preservation Experiments, Building 
Research Establishment.
Concrete Society (1987), Permeability Testing o f  Site Concrete - A Review> o f  
Methods and Experience, Technical Report No.31, London.
Cook RA and Hover ICC, (1993), Mercury Porosimetry o f  Cement Based Materials 
and Associated Correction Factors, ACI Materials Journal, March/April, ppl 52-161.
Department of Transport Highways and Traffic Departmental Advice Note 
BA 33/90 (1990), Impregnation o f  Concrete Highw>ay Structures, Department of 
Transport.
Department of Transport Highways and Traffic Departmental Advice Note 
BD 43/90 (1990), Criteria and Material for the Impregnation o f  Concrete Highway 
Structures, Department of Transport.
DhirRK, Hewlett PC, Chan YN (1987), Near-Surface Characteristics o f  Concrete 
Assessment and Development o f  In-Situ Test Methods, Magazine of Concrete 
Research, Yol 39, No 141, December, pp 183-195.
DIN 52 111 (1990), Testing o f  Natural Stone and Mineral Aggregate; Crystallisation 
Test with Sodium Sulphate - Procedure B, Germany.
DIN (BS) EN ISO 6988 (1995), Metallic and Other Non-organic Coatings. Sulphur 
Dioxide Test with General Condensation o f  Moisture, Germany.
EC Report (1996), Retreatment o f  Consolidated Stone Faces, Contract Number 
EV5V-CT94-0518, Brussels. In preparation.
Figg JW (1973), Methods o f  Measuring the Air and Water Permeability o f  Concrete, 
Magazine of Concrete Research, Vol 25, No 85, December, pp213-219.
Gatz HP and Grossmann F (1989), Verfahren zur Beeurteilung der Qualitat von 
Hydrophobierungen bei Beton, Bundesanstalt fur Straaenweswn, Bergisch-Gladbach.
Gerdes A, a) (1995), Assessment o f  water repellent treatments by the application o f  
FT-IR spectroscopy, First International Symposium on Surface treatment of Building 
Materials with Water Repellent Agents, Delft, Germany. November 9-10, ppl2.1- 
12.9.
P age 133
Chapter 10. References
Gerdes A and Wittman FH, b), (1995), Quality Control o f  Surface Treatments with 
Water Repellent Agents, First International Symposium on Surface treatment of 
Building Materials with Water Repellent Agents, Delft, Germany. November 9-10, 
ppl5.1-15.7.
Grube H and Lawrence CD (1984), Permeability o f  Concrete to Oxygen, RILEM 
Seminai' on Durability of Concrete Structures Under Normal Outdoor Exposure, 
Hannover, Germany, March, pp68-79.
Guy AG (1976), Essentials o f  Materials Science, McGraw-Hill, Tokyo.
H all C (1989), Water Sorptivity o f  Mortars and Concretes: A Review\>, Magazine of 
Concrete Research, Vol 41, No 147, June, pp51 -61.
Harding JE, Parke GAR and R yall MJ (1996), Bridge Management 3, E & FN 
Spon, London.
Hassan KEG and Cabrera JG (1995), Short and Long Term Performance o f  Silane 
Treated Concrete, First International Symposium on Surface Treatment of Building 
Materials with Water Repellent Agents, Delft, Germany, November 9-10.
Hearn N and Hooton RD (1992), Sample Mass and Dimensional Effects on 
Mercury Intrusion Porosimetry Results, Cement and Concrete Research, Vol 22, 
pp970-980.
Honsinger D (1990), Strukturmerlanale Polymerimprdgnieter Sandstein, Aachen, 
Technische Hochschule, Fachbereich 3, Diss.
Jackman SA (1993), Electrical Methods for measuring the Microstructure and 
Moisture States o f  Concreting Materials, ICT Course, ACT Report 93/5 74287.
Keer JG (1992), Durability o f  Concrete Structures, Mays G, Ed., E&FN Spon, 
ppl46-165.
Kelham S (1988), A Water Absorption Test for Concrete, Magazine of Concrete 
Research, Vol 40, No 143, June, ppl06-l 10.
KnofelD (1975), Corrosion o f  Building Materials, Van Nostrand Reinhold.
Koblischek PJ (1995), Protection o f  Surfaces o f  Natural Stone and Concrete 
through Polymers, First International Symposium on Surface Treatment of Building 
Materials with Water Repellent Agents, Delft, Germany, November 9-10.
Lawrence CD (1981), Durability o f  Concrete: Molecular transport processes and test 
methods, Cement and Concrete Association, Technical Report, 42.544, July.
LencznerD (1972), Elements o f  Loadbearing Brickwork, Permgamon Press.
P age 134
Chapter 10. References
MacDonald AS (1989), Silane Application on Concrete and Masonry, Proceedings 
of the International Conference on Structural Faults and Repair, 27-29 June, 
Kensington Town Hall, London, Engineering Technics Press.
M a r t ia l a y  RM (1973), Permeability o f  Concrete, RILEM/IUPAC Symposium Pore 
Structure and Porosities of Materials, Prague, Artia, pp. El 03-El 21. (In French with 
English summary)
McCarter WJ, Forde MC and Whittington HW (1981), Resistivity 
characteristics o f  concrete, Proceedings of the Institution of Civil Engineers, Part 2, 
Vol 72, PP107-117.
Metz F a n d  ICnofel D (1992), Systematic Mercury Porosimetiy Investigations on 
Sandstones, Materials and Structures, Vol 25, ppl27-136.
Montgomery FR, Long AE and Basheer PAM (1989), Assessing Surface Treated 
Properties o f  Concrete by In-Situ Measurements, Durability of Structures, IBASE 
Symposium, Lisbon, Portugal, Vol57/2.
Mulheron M, McDonald PJ LePage B and Bohris AJ (1996), Broad Line MRI 
and MAS NMR Characterisation o f  Portland Cements: Water and Chloride Mobility 
and Control, University of Surrey internal report.
Nakano K (?), Silanes and Siloxanes, Osaka Cement Company, Japan.
Neville AM (1995), Properties o f  Concrete, Third Edition, Longman.
Nicholls Cl and A De Los Santos (1991), Hydrogen Transient Nuclear Magnetic 
Resonance for Industrial Moisture Sensing, Drying Technology, Vol 9, No. 4, 
pp849-873.
O llier C (1975), Weathering, Longman.
O’Brien TP (1971), Weathering Concrete: Its Nature and Life-Cycle, The 
Weathering of Concrete, A One Day Symposium, The Concrete Society, London.
Orchard DF (a), (1973), Concrete Technology, Volume 1, Third Edition, Applied 
Science.
ORCHARD DF (b), (1976), Concrete Technology, Volume 3, Third Edition, Applied 
Science.
PRICE CA (a), (1975), The Decay and Preservation o f Natural Building Stone, 
CP 89/75, Building Research Establishment.
Price CA (b), (1981), Brethane Stone Preservative, CP 1/81, Building Research 
Establishment.
P age 135
Chapter 10. References
R e n g a s w a m y  NS, S r in iv a s a n  S, S u b r a m a n i a n  D a n d  B a l a k r is h n a n  K (1994), 
Electrical resistivity as a tool for assessment o f  porosity o f concrete structures, The 
Indian Concrete Journal, May, pp259-263.
RILEM C o m m is s io n  25-PEM (1980), Protection and Erosion o f  Monuments 
Recommended Tests to Measure the Deterioration o f  Stone and to Assess the 
Effectiveness o f  Treatment Methods, Journal of Materials and Structures, Yol 13, No. 
75, ppl75-254.
Sandin IC (1995), Surface Treatment with Water Repellent Agents, First International 
Symposium on Surface Treatment of Building Materials with Water Repellent 
Agents, Delft, Germany, November 9-10.
S a u d e r  M AND RAUBER D (1995), Long Term Durability o f  Different Water 
Repellent Agents Applied at the Protestant Memorial Church in Speyer During the 
Last 40 Years, First International Symposium on Surface Treatment of Building 
Materials with Water Repellent Agents, Delft, Germany, November 9-10.
S a t o h  Y, O h a m a  Y, D e m u r a  K a n d  T a c h ib a n a  IC (1989), Improvements in 
Barrier Properties o f  Concrete by Silane Impregnation, Proceedings of the First 
International Conference on “Protection of Concrete”, Dundee.
SPIRP-S/FR-92-107 (1992), Condition Evaluation o f  Concrete Bridges Relative to 
Reinforcement Corrosion, Volume 5: Methods for Evaluating the Effectiveness o f  
Penetrating Sealers, Strategic Highway Research Program, National Research 
Council.
S l a t e r  JE (1983), Corrosion o f  Metals in Association with Concrete, ASTM STP 
818.
T r o x e l l  GE a n d  D a v is  HE (1956), Composition and Properties o f  Concrete, 
McGraw-Hill.
U c h ik a w a  H, UCHID A S AND H a n e h a r a  S (1988), Determination o f  Total Pore Size 
Distribution in Concrete by Means o f  X-Ray CT Scanner, Optical Microscopy, 
Mercury Intrusion Porosimetry and Nitrogen Gas Adsorption-Desorption Method, 
CAJ Review, 1988.
VASSIE PR (1985), Diagnosis and Testing o f  Concrete Structures with Particular 
Reference to Bridges, The Durability, Maintenance and Repair of Concrete 
Structures. A Symposium at the University of Surrey, Department of Civil 
Engineering.
Y r ie s  J DE AND P o l d e r  RB (1995), Hydrophobic Treatment o f  Concrete, 
Construction and Repair, Yol 9, No. 5, September/October.
P age 136
Chapter 10. References
W a s h b u r n  E W  (1921), Note on a Method o f  Determining the Distribution o f  Pore 
Sizes in a Porous Material, Proceedings of the National Academy of Sciences, Vol 7, 
No 3, March, ppl 15-116.
W e n d l e r  E (1995), Treatment o f  Porous Building Material with Water Repellent 
Agents - Risk or Protection? Case Studies on Efficiency and Durability, First 
International Symposium on Surface Treatment of Building Materials with Water 
Repellent Agents, Delft, Germany, November 9-10.
W il k o s z  DE AND Y o u n g  JF (1995), Effect o f  moisture adsorption on the electrical 
properties o f  hardened portland cement compacts, Journal of American Ceramics 
Society, Vol 78, No 6, pp 1673-79.
W in s l o w  DN (?), Experimental Aspects o f  Mercury Intrusion Porosimetry, 
Transportation Research Record 1089, pp92-96.
W it t m a n  FH (1995), Influence o f  a Water Repellent Treatment on Drying o f  
Concrete, First International Symposium on Surface Treatment of Building Materials 
with Water Repellent Agents, Delft, Germany, November 9-10.
Z e jm a  I (1994), Corrosion Monitoring o f  Concrete Structures and its Relevance to 
Repair, Construction Repair, May/June.
P age 137
“That’s all, folks"
Bugs Bunny.
Chapter 11. Bibliography
1 1 .  B i b l i o g r a p h y
D a v ie s  M (1963), Infra-Red Spectroscopy and Molecular Structure, Elsevier 
Publishing, London.
Nicolet(c.1995), Fourier Transform Infra-Red, promotional poster.
H it a c h i (c.l996), The Guide to Variable Vacuum Scanning Electron Microscopy, 
promotional leaflet.
P age 138
“All men are equal - all men, that is to say, who possess umbrellas”
Howard’s End, Ch6, 1920.
Appendix A
A p p e n d i x  A
R e s u l t s  f r o m  t h e  L a b o r a t o r y  a n d  S i t e  A s s e s s m e n t s
Page AO
Appendix A. Laboratory and Site Assessment
Data for the concrete Mixes A, B and C.
Surface Reflectance
Specimen Average (units) StDev
AW I 23.78 1.78
ANI 35.27 2 .13
AUI 35 .74 2 .44
BWI 28 .15 1.95
BNI 35 .75 2 .42
BUI 37.03 2 .29
CW I 26.99 1.32
CNI 35.12 1.62
CUI 36.86 1.77
Specimen Average (units) StDev
A W O 29.02 0.55
ANO 36.86 1.28
AUO 34.08 0 .50
BWO 33.69 0.78
BNO 42.27 1.24
BUO 41.43 1.07
CW O 33.34 0.66
CNO 40.11 0.78
CUO 40.26 0.51
a. Unweathered b. Weathered
Number of te s ts  performed = 60
Table A 1 . Surface reflectance m easu rem en ts  
for the concrete  sp e c im en s
Moisture Content
Specimen Average (%) StDev
AW I 18.09 1.17
ANI 17.48 1.17
AUi 18.30 0.98
BWI 17.91 1.15
BNI 15.22 1.58
BUI 15.37 2.77
CW i 17.25 1.33
CNI 14.09 1.13
CUI 14.60 1.72
Specimen Average (%) StDev
AW O 18.84 0.71
A NO 19.01 0.63
A UO 18.78 0.93
BW O 18.21 1.05
BNO 17.87 1.52
BUO 18.18 1.08
CW O 15.77 1.91
C NO 16.41 1.00
C UO 16.37 0.86
a. Unweathered b. Weathered
Number of te s ts  performed = 60  
Table A2. Moisture m easu rem en ts for the concrete sp ec im en s
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Data for the concrete Mixes A, B and C.
Water Absorption, using the Karsten Tube
Specimen Tim e (minutes)
0 1 5 10 20
Overall A verage (ml) 
40 60
AW I 0.00 0.00 0.00 0.00 0.00 0 .04 0.09
AN1 0.00 0.00 0 .00 0.01 0.03 0.08 0.13
AUI 0.00 0 .00 0.01 0.01 0 .04 0 .09 0.16
BWI 0.00 0 .00 0.00 0.00 0.01 0 .05 0.10
BNI 0.00 0.00 0.01 0.05 0.06 0.10 0.14
BUI 0.00 0.00 0.02 0.04 0.07 0.13 0.20
CW I 0.00 0.00 0.00 0.01 0.03 0.08 0.13
CNI 0.00 0.00 0.01 0 .02 0.05 0 .07 0.12
CUi 0.00 0.00 0.06 0.10 0.17 0 .30 0.46
Table A3. A verage water absorption va lu es for unw eathered concrete*
Specimen Tim e (minutes)
0 1 5 10
Overall Standard Deviation 
20 40  60
AW I 0 .000 0 .000 0.000 0.000 0.000 0 .032 0.055
ANI 0.000 0.000 0.000 0.018 0.027 0 .080 0.075
AUI 0.000 0.000 0.023 0 .023 0.035 0 .035 0.042
BWI 0 .000 0.000 0 .000 0 .000 0.020 0.027 0.039
BN! 0 .000 0.000 0 .022 0.035 0.033 0 .035 0.033
BUI 0.000 0.000 0.033 0.031 0.040 0 .039 0.058
CW I 0.000 0.000 0.000 0.023 0.033 0.034 0.045
CNI 0 .000 0.000 0.019 0.026 0.037 0.040 0.058
CUI 0 .000 0.014 0.057 0.081 0.116 0.173 0 .240
Table A4. Standard deviations of absorption va lues  
for unw eathered concrete*
*Number of test results = 9
Page A2
Appendix A. Laboratory and Site Assessment
Data for the concrete Mixes A, B and C.
Water Absorption, using the Karsten Tube
Specimen Tim e (minutes)
0 1 5 10 20
Overall Average (ml) 
40  60
AW O 0.00 0.00 0 .00 0 .00 0.01 0 .03 0.04
ANO 0.00 0.00 0.00 0.00 0 .00 0 .03 0.08
A UO 0.00 0.00 0 .00 0.00 0.01 0.05 0.13
BW O 0.00 0.00 0 .00 0.01 0.03 0.03 0.08
BNO 0.00 0.00 0.01 0.01 0.03 0.05 0.09
BUO 0.00 0.00 0.00 0.04 0.09 0.11 0.16
CW O 0.00 0.00 0.00 0.01 0.03 0.08 0.10
CNO 0.00 0.00 0.00 0.01 0.03 0.11 0 .20
CUO 0.00 0.00 0.01 0.03 0.03 0.10 0.18
Table A5. A verage water absorption va lu es for w eathered  concrete*
Specimen Tim e (minutes)
0 1 5 10
Overall Standard Deviation 
20 40  60
AW O 0.000 0.000 0.000 0.000 0.025 0 .029 0.025
ANO 0.000 0 .000 0.000 0.000 0.000 0 .029 0.065
AUO 0.000 0.000 0.000 0 .000 0.025 0.000 0.029
BWO 0.000 0 .000 0 .000 0 .025 0.029 0 .029 0 .029
BNO 0.000 0.000 0 .025 0 .025 0.029 0.041 0 .025
BUO 0.000 0.000 0 .000 0.025 0.025 0 .063 0.063
CW O 0.000 0 .000 0 .000 0.025 0.029 0 .029 0.041
CNO 0.000 0 .000 0.000 0.025 0.029 0 .025 0.000
CUO 0.000 0 .000 0.025 0 .050 0.050 0.041 0.065
Table A6. Standard deviations of absorption va lues  
for w eathered  concrete*
*Number of test results = 9
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Data for the concrete Mixes A, B and C.
Electrical Resistivity
Specimen Tim e (minutes) 
1 5 10 15 20 30 45
Overall Average (mV) 
60  75 90
AW I 828 929 1086 1133 1167 1213 1267 1303 1335 1356
ANI 521 648 747 802 842 909 980 1031 1012 1100
AUI 697 871 987 1061 1116 1197 1259 1323 1359 1389
BWI 622 775 885 951 1007 1058 1166 1219 1260 1294
BNI 99 138 175 232 228 268 308 341 358 413
BUI 152 211 269 326 319 378 465 543 610 685
CW I 510 607 676 701 750 798 856 894 928 956
CNI 45 61 71 96 89 101 115 126 144 159
CUI 135 258 358 502 631 827 1018 1129 1209 1265
Table A7. A verage electrical resistivity va lu es for the unw eathered concrete
Specimen Tim e (minutes) 
1 5 10 15 20 30 45
Overall Standard Deviation 
60 75 90
AW I 98 104 168 165 165 166 167 166 164 167
ANI 149 168 179 191 196 205 210 219 355 222
AUI 155 191 203 216 219 234 233 245 239 237
BWI 248 274 293 353 312 388 337 341 345 347
BNI 45 64 81 90 98 107 121 129 126 120
BUI 78 92 112 98 122 141 189 224 247 270
CW I 416 458 467 496 482 484 482 479 473 455
CNI 33 41 47 53 56 62 68 71 88 90
CUI 75 117 198 288 342 413 431 427 423 423
Table A8. Standard deviations of electrical resistivity 
va lu es for the unw eathered concrete*
*Number of test results = 8
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Data for the concrete Mixes A, B and C.
Electrical Resistivity
Specimen Tim e (minutes) 
1 5 10 15 20 30 45
Overall Average (mV) 
60 75 90
AW O 553 771 880 928 959 991 1018 1034 1055 1063
ANO 704 783 851 876 891 916 943 959 973 987
AUO 1224 1349 1404 1439 1471 1511 1553 1585 1612 1668
BWO 484 593 660 699 737 799 889 893 930 959
BNO 93 116 128 134 139 148 157 165 171 176
BUO 564 704 787 830 865 909 962 1006 1048 1075
CW O 41 57 65 70 73 78 83 88 92 96
CNO 80 112 137 164 187 237 313 341 413 462
CUO 183 231 280 301 322 357 404 443 486 522
Table A9. A verage electrical resistivity va lu es  
for the unw eathered concrete*
Specimen Tim e (minutes) 
1 5 10 15 20 30 45
Overall Standard Deviation  
60  75 90
AW O 153 133 103 86 79 72 72 69 71 72
ANO 93 93 98 99 99 98 97 99 98 99
AUO 118 118 118 117 117 116 114 113 111 90
BW O 86 103 115 123 132 146 137 153 157 158
BNO 16 22 24 26 28 30 31 33 33 34
BUO 148 187 199 196 193 182 166 149 139 132
CW O 13 16 19 19 20 21 23 25 26 28
CNO 12 15 21 27 32 52 81 90 101 115
CUO 40 49 71 84 97 127 162 191 209 228
Table A 10. Standard deviations of electrical resistivity 
va lu es for the unw eathered concrete*
*Number of test results = 8
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Data for the concrete Mixes A, B and C.
Porosity
Specimen Average (units) StDev
AUI 9.4 0 .96
BUI 14.0 0.54
CUI 15.1 1.07
Specimen Average (units) StDev
AUI 6 .6 0.82
BUI 9.3 0.65
CUI 12.4 0.77
28 days old 300  days old
Number of te s ts  performed = 6 
Table A 1 1. Porosity m easu rem en ts taken  
on the untreated concrete  sam p les.
Page A 6
Moisture Meter Surface Reflectance
Appendix A. Laboratory and Site Assessment
Data for the Stone Specimens
Stone A verage (%) StDev
KUI 4.01 1.07
KHI 2.11 0 .00
KHY 1.92 2.14
RUI 8.21 0 .57
RHI 1.88 0.73
RHF 1.47 0.15
EUl 12.01 0.53
EHI 10.53 0.96
EHF 9.81 0.76
EHX 6.61 0.76
ESI 12.16 0.83
ESF 12.50 0.49
ESX 10.26 0.76
Stone Average (units) StDev
KUI 45 .54 2.50
KHI 35.88 2.51
KHY 56.17 0.22
RUI 22 .29 0.87
RHI 13.91 1.24
RHF 13.84 1.10
EUl 21 .37 1.60
EHI 9.89 0.88
EHF 11.19 0.51
EHX 11.39 0.51
ESI 16.42 0.95
ESF 28.05 1.65
ESX 15.88 0.61
Table A 12. Moisture 
m easu rem en ts +
Table A13. Surface reflectance  
m easurem en ts +
Porosity
Stone Average (%) StDev
KUI 9.6 0.19
KHI 8.0 0.23
KHY 11.8 0.37
RUI 25.2 0.33
RHI 24.0 0.17
RHF 24.8 0.08
EUl 17.7 0.52
EHI 17.0 0.62
EHF 14.9 0 .26
EHX 15.3 0.38
ESI 14.4 0.47
ESF 14.5 0.30
ESX 15.1 0.09
+ Number of tests  perform ed = 90
Table A14. Porosity of ston e  sp ec im en s (number of test results = 5)
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Appendix A. Laboratory and Site Assessment
Data for the Stone Specimens
Water Absorption, using the Karsten Tube
Stone Tim e (minutes)
0 1 5 10
Overall Average (ml) 
20 40 60
Overall 
60 StDev
KUI 0.00 0.00 0.00 0.05 0.10 0.15 0.35 0 .134
KHI 0.00 0.00 0.00 0.00 0 .05 0.10 0.15 0 .096
KHY 0.00 0.00 0.00 0.01 0.01 0.02 0 .02 0 .062
RUI 0.00 0.37 0.90 1.40 2.35 3.45 4 .60 1.116
RHI 0.00 0.00 0.00 0.00 0.00 0.10 0.15 0.081
RHF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .000
EUI 0.00 0.05 0.20 0.35 0.55 0.95 1.30 0 .126
EHI 0.00 0.00 0.00 0.00 0.05 0 .05 0.10 0 .074
EHF 0.00 0.00 0.02 0.02 0.07 0.10 0.18 0 .029
EHX 0.00 0.00 0.00 0.00 0.03 0.05 0.05 0 .000
ESI 0.00 0.00 0.00 0.00 0.05 0.10 0.15 0 .106
ESF 0.00 0.00 0.03 0.08 0.10 0.18 0.23 0 .035
ESX 0.00 0 .00 0.10 0.15 0.22 0.35 0.50 0 .050
Table A 15. A verage water absorption v a lu es  for the ston e  
sp ec im en s, (num ber of te s ts  performed = 9)
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Appendix A. Laboratory and Site Assessment
Data Obtained from Site Evaluations
Moisture Content
Furness Abbey Kenilworth Castle
Location Average (%) StDev
1 B (i) 18.2 1.56
1U (ii) 17.95 1.09
2B (iii) 16.69 2.08
2U (iv) 14.74 3 .09
Number of rdgs - s e e  below.
Location Average (%) StDev
B 8.62 2 .35
W 8.61 1.41
U 9.95 2.45
Number of rdgs at ea ch  location
Table A16. A verage m oisture  
content at F urness A bbey
Table A 17. A verage m oisture co  
m easured  at Kenilworth C astle.
Surface Reflectance
Furness Abbey Royal Artillery Memorial
Location Average StDev Location Average StDev
1 B (i) 5.39 0.37 1B 52 .85 6 .14
1U (ii) 11.08 0.46 2B 62 .88 2 .22
2B (iii) 5 .64 0.47 3U 56.48 5.24
2U (iv) 10.81 0 .47 4U 54.785 4.02
Number of readings at ea ch  local i Number of rdgs = 50
(i) 114, (ii) 216 , (iii) 72, (iv) 146.
Table A18. A verage surface  
reflectance va lu es m easured  at 
F urness Abbey.
Table A 19. A verage surface  
reflectance va lu es m easured  at 
The Royal Artillery Memorial.
Page A 9
Data Obtained from Site Evaluations 
Water Absorption
Appendix A. Laboratory and Site Assessment
Furness Abbey
Location Tim e (minutes) Overall Average Overall
0 1 5 10 20 40 60 60  StDev
1B 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.00
1U 0.00 0.00 0.03 0.03 0 .03 0.05 0.05 0.07
2B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2U 0.00 0.03 0.10 0.10 0.13 0.20 0.20 0.14
Number oi readings at ea ch  location = 2
tent
Table A 20. A verage water absorption va lu es for F urness Abbey.
Kenilworth Castle
Location Tim e (minutes) Overall Average Overall
0 1 5 10 20 40 60 60 StDev
B 0.00 0.00 0.05 0.05 0.05 0.15 0.20 0.04
W 0.00 0.05 0.15 0.25 0.45 0.85 1.25 0.28
U 0.00 0.05 0.20 0.40 0.65 1.25 1.70 0.39
Number oi readings at each  location =  2
Table A 2 1 . A verage water absorption va lu es for Kenilworth C astle.
Royal Artillery Memorial
Location Tim e (minutes) Overall Average Overall
0 1 5 10 20 40 60 60 StDev
1B 0.00 0.00 0.05 0.05 0.05 0.10 0.15 0.04
2B 0.00 0.03 0.08 0.20 0.30 0.48 0.60 0.09
3U 0.00 0.15 0.30 0.50 0.70 1.10 1.40 0 .22
4U 0.00 0.40 0.50 0.70 0.90 1.17 1.45 0.37
Number o1 readings at ea ch  location = 2
Table A 22. A verage water absorption va lu es for the
Royal Artillery Memorial.
Page A10
Appendix A. Laboratory and Site Assessment
Data Obtained from Site Evaluations
Electrical Resistivity
Location Tim e (minutes) 
1 5 10 15 20 30 45 60
Overall Average  
75  90
KingC: B 37 53 62 69 77 87 101 109 115 119
RAM: 1 B 348 409 452 474 494 533 593 645 680 716
RAM: 3U 423 550 685 742 781 866 925 974 1,012 1,048
Num ber of readings at each  location = 3. 
KingC = King Charles Statue, RAM = Royal Artillery Memorial.
Table A 23. A verage electrical resistivity va lu es.
P age A l l
Appendix B
“Heffalump"
Winnie the Pooh, AA Milne, 1926.
A p p e n d i x  B
W e a t h e r i n g  o f  t h e  C o n c r e t e  S p e c i m e n s
The nearest weather station to Guildford is at South Farnborough Saws, Hampshire. 
The following pages describe the weather experienced at this location during the 
period February to July 1996 inclusive
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Appendix C
“Nobody knows what it looks like, and even if 
they did, they wouldn’t be  ab le  to see  it.”
Loaded Magazine, about black ice. December 1996.
A p p e n d i x  C
S c h e m a t ic  D ia g r a m s  o f  S i t e  L o c a t io n s
P age CO
Appendix C
C . l  K e n i l w o r t h  C a s t l e
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Figure C .l Locations tested at Kenilworth Castle.
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Figure C.2 Schematic diagram of the King Charles I plinth.
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C .3  T h e  R o y a l  A r t i l l e r y  M e m o r ia l
Locations land 2 have been treated with Brethane. 
Locations 3 and 4 have not been treated.
Figure C.3 Schematic diagram of the Royal Artillery Memorial.
C .4  F u r n e s s  A b b e y
Figure C.4 The sedilia at Furness Abbey.
Page C2
“One thousand lemmings can ’t be wrong”
Quoted in The Guardian, 1975.
Appendix D. Key to Labelling System
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